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This  report  describes  work  carried  out  over  the  second  pear  of  sapport 
under  ONI  Contract  Ho.  N00014- 82-1-033 9  which  was  for  partial  support  of  a 
Center  for  Dielectric  Studies  at  Pann  State.  It  is  very  pleasing  to  be  able 
to  report  that  over  this  pear  ve  have  built  up  a  trulp  National  Center  for 
Dielectric  Studies  with  ten  aajor  eoapanies  in  full  aeabership.  and  eleven  in 
associate  aeabership.  The  National  Seienca  Foundation  recognised  the  Center 


with  a  Centers  Grant  funding.  Over  the  pear*  the  Office  of  Naval  Seseareh 
also  initiated  or  continued  funding  of  eight  associated  prograas  on  eloselp 
related  dielectric  topics. 

y This  report  focuses  upon  the  parts  of  the  Center  prograa  which  have  drawn 
aost  extensivelp  upon  Navp  funds.  In  the  basic  studp  of  polarisation 


processes  in  high  K  dielectrics,  aajor  progress  has  been  aade  in  understanding 
the  aeehanisas  in  relazor  ferroelectric  in  the  perovskite  structure  faailies. 
A  new  effort  is  also  being  aounted  to  obtain  aora  precise  evaluation  of  the 
internal  stress  effects  in  fine  graisei*llfMit.  Delated  to  reliabilitp, 
studies  of  the  effects  of  induced  aeero-defeets  are  described,  and  preparation 
for  the  evaluation  of  space  charge  bp  internal  potential  distribution 


aeasureaents  dii 


To  develop  new  processing  aethods  for  verp  thin  dielectric  lepers,  a  new 
tppe  of  single  barrier  leper  aultilaper  is  discussed,  and  work  on  the  theraal 
evaporation  of  oriented  erpstalline  antiaoap  sulphur  iodide  describe.  - 


In  line  with  earlier  reports,  a  brief  narative  description  is  given  of 
ongoing  work,  and  coapleted  published  studies  are  suaaarixed  in  the  technical 


appendices. 
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i.o  aropucnoB 

This  report  describe*  work  carried  oat  over  the  seooad  pear  of  ONE 
Coatraet  No.  N00014-82-0339  which  was  a  fuadiag  ia  partial  support  for  tke 
foraation  of  a  Ceater  for  Dieleetrio  Studies  at  Tke  Peaasplvaaia  State 
Vaiversitp.  It  is  very  pleasing  to  be  able  to  raport  tkat  over  tke  oarreat 
ooatract  pear,  froa  Marok  1,  1913,  to  Narek  1,  1984,  tke  baild  ap  of  a  tralp 
Natioaal  Ceater  for  Dielectric  Stadies  kas  beea  aeeoapliaked.  Is  Marok,  1983, 
ia  respoase  to  a  first  solioitatioa,  eight  aajor  eoapaaies  eaae  iato  fall 
aeaberskip  sad  tkree  iato  associate  aeaberakip.  August  of  1983,  following  oa 
froa  a  aost  useful  plaaniag  great,  tke  Natioaal  Seieaee  Foaadatioa  (NSF) 
announced  tke  award  of  a  Natioaal  Centers  Great  to  Peaa  State,  reeognisiag  tke 
iaitiatioa  of  a  Natioaal  Ceater  for  Dieleetrio  Studies.  Bp  tke  ead  of  tke 
ealeadar  pear,  tkere  were  tea  eoapaaies  ia  fall  aeaberskip  sad  five  ia 
associate  aeaberskip  oategorp.  The  oarreat  status  of  tke  Ceater,  as  of  Marok 
1,  1984,  is  suaaarixed  ia  Appoadix  Id  wkiek  gives  tke  aaaes  of  all  ooapaaies 
ia  aeaberskip  sad  tkeir  desigaated  repreaeatatives  to  tke  Ceater. 

Ia  parallel,  aad  eoordiaated  with  tkia  effort,  tke  Offioe  of  Naval 
Kesearok  kas  aow  funded  eight  associated  prograas  oa  topics  dealing  priaarilp 
with  tke  reliabilitp  of  aaltilaper  eapaoitors  (MLCs)  aad  their  dieleetrio*. 
York  stateaeats  for  tke  associated  prograas  are  given  ia  Appendix  17. 

Barlp  ia  tke  coatraet  pear  (Map  24th  aad  23th),  a  preliminary 
orgaaixational  aeetiag  was  held  witk  the  Industry  repreaeatatives  at  Peaa 
State  to  plaa  ia  aore  detail  tke  structuring  of  tke  Ceater,  aad  tke 
qualifications  and  conditions  for  Iadastrial  aeaberskip.  This  planning 
process  was  concluded  at  tke  Aaaaal  aeetiag  of  tke  Ceater  held  Noveaber  7-9, 
1983.  This  Aaaaal  Meeting  was  also  eoordiaated  witk  one  fall  dap  of 
praseatatioaa  oa  the  associated  prograas. 
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Ia  tk«  following  report,  those  parts  of  the  Center  progrsa  vhieh  have 
drawn  extensively  upon  ONR  supporting  funds  are  highlighted.  Following  the 
established  practice  for  ONR  reporting,  work  in  progress  is  cowered  ia  a 
conpact  narative  style.  Coapleted  studies  are  attached  as  technical 
appendices. 

2.0  wiqmkx  of  aaaifiAL  wawam 

Topics  for  study  were  initially  classified  broadly  under  the  titles  Basic 
Science,  Evolutionary  Studies,  and  Bavolutioaary  Approaches. 

2.1  Btlig  JaitBEl 

A  problem  which  is  necessarily  of  aajor  concern  is  that  of  the 
polarisation  processes  which  contribute  to  the  high  dielectrio  polarixability 
in  the  ferroelectric  type  dielectrics  which  are  of  fuadasieatal  importance  to 
the  conpact  high  capacitance  MLCs.  As  was  indicated  ia  our  first  report,  to 
a  she  nse  of  and  build  upon  the  foundation  of  earlier  Navy  sponsored  programs, 
a  aajor  topio  of  onr  interest  has  been  the  f erroelectr io  relaxors, 
ferroelec tries  with  diffuse  phase  change  at  Te  which  have  also  been  of  aajor 
interest  as  electrostriotive  displaceaent  transducers,  but  which  because  of 
their  very  high  peraittivity  begin  to  find  significant  interest  as  capacitor 
dielectrics. 

Here,  however,  the  eaphasis  of  the  work  is  in  developing  basic 
understanding,  and  we  believe  that  by  a  eoabination  of  approaches  the  group 
has  aade  an  iaportant  step  forward  ia  understanding  these  unusual  relaxor 
systeas. 

It  would  appear  now  that  in  the  systeas,  lead  scandium  tantalate,  lead 
aagnesiua  aiobate  and  its  solid  solutions  with  lead  titanate,  and  in  the 


higher  laathaaua  containing  lead  laathaaua  zirconate  titaaates  (PLZTs),  we  oan 
trace  out  the  evolution  of  developing  order  froa  paraelec trio,  through 


saperparae lee trie,  critical  saps rp arse Is ctrioity  into  the  fiaal  farroalaetrie 
ordered  atate.  A  discussion  of  these  pheaoaeas  m  jiTia  at  the  fall  seating 
of  the  Aaeriesa  Ceraaie  Society  ia  Grossingers,  NX.  A  aore  ooaplata  ceaaary 
of  the  evidence  ia  |im  im  the  following. 

A  accoad  aery  baaic  area  of  atady  kaa  baaa  coaceraed  with  a  rafiaad 
traataaat  of  tka  affacta  of  graia  aixe  apoa  tka  dielectric  properties  of  para 
BaTiOj  oaraaicc.  To  parait  aa  apdata  aad  aztaaaioa  of  tka  origiaal  aiapla 
Beerses.  Qoswsai,  Cross  (BBS)  internal  stress  aodal  a  rafiaad  tkeraodyaaaic 
aaalysis  is  beiag  carried  tkroegk  ia  cooparatioa  witk  tka  Caraaies  Dapartaaat 
ia  Leads  University.  To  parait  dascriptioa  of  tka  vary  vide  teaperatere  raaga 
now  covered  by  tka  aora  recant  Japaaaaa  azpariaaatal  data^  tka  Gibbs  Free 
Energy  faactioa  kas  baaa  azpaadad  to  iaclada  all  syaaatry  paraittad  siztk 
power  teres  ia  electric  polarisation. 

To  okcek  tka  validity  of  tka  proposed  faactioa.  it  kaa  baaa  asad  to 
predict  tka  electric  field  dependence  of  tka  farroalaetrie: farroalaetrie  pkase 
transitions,  aad  givaa  excellent  agreeaeat  vitk  tka  experiaeatal  data  by 
Feaenko*2*. 

To  identify  tka  average  stress  levels  vkick  ooear  das  to  tka  absence  of 
90*  twins  ia  tka  fine  gain  sire  oeraaics.  aaw  x-ray  aeasareaents  covering  tka 
teaperatara  raaga  down  to  4*1  era  being  carried  oat  ia  Oxford,  aad  tka 
aodifiad  spoataaaoas  straias  coaparad  to  tka  strains  in  free  powders.  Tka 
aeasared  strain  will  be  converted  to  stress  asiag  tka  known  elastic  constants, 
aad  tka  aodifiad  paraittivity  calealatad  ia  tetragonal,  ortkorkoabio  aad 
rkoabokedral  phases  asiag  tka  iaproved  tkeraodyaaaic  faactioa. 

2.2  fagiatiaata  Amautu 


la  the  avolatioaary  approaches,  two  stadias  are  involved.  As  a  first 
attaapt  to  provide  experiaeatal  data  for  aodal  stadias,  plastic  inserts  in  tka 


green  tap*  kir*  been  scad  to  induce  voids  and  delaainations  of  controlled 
•bap#  and  their  influence  on  tie  dielectrio  properties  studied.  For  the 
second,  v#  are  setting  up  to  neasar#  the  potential  distribation  in  'thin' 
dielectric  sheets  by  using  probing  electrodes  tape  east  into  the  aaltilajrer 
structure.  The  for ner  work  has  been  completed  and  details  are  giwea  in  the 
M.S.  dissertation  of  David  Hardy,  the  abstract  for  which  is  included  as  a 
technical  appendix,  the  latter  study  is  now  at  the  stag*  where  the  aeasuring 
eqaipaent  has  been  completed  and  first  samples  are  now  being  studied. 

2.3  Revolutionary  Studies 

For  the  revolutionary  approaches,  two  topios  are  again  of  special 
interest.  In  the  first,  we  have  been  exploring  techniques  for  evaporating 
thin  filas  of  the  ferroelectric  antiaony  sulphur  iodide  (SbSI).  The  very  low 
aelting  teaperatur*  of  SbSI  suggests  that  crystalline  filas  any  be  deposited 
upon  quite  low  teaperatur*  substrates.  Initial  studies  have  shown  excellent 
proaise,  but  are  plagued  with  probleas  of  reproducibility.  The  second  study 
concerns  an  iaaginative  approach  to  developing  a  aultilayer  barrier  layer 
capacitor.  Rather  than  trying,  with  a  any  other  groups,  to  aake  a  grain:  grain 
boundary  struotur*  of  a  sis*  which  can  be  acooaaodated  in  the  very  thin 
dielectric  layer  of  the  MLC  w*  have  gone  to  a  aodification  of  the  Corning  ACE 
process  to  inject  a  fritted  silver  electrode  into  a  reduced  BaTiOj  body  so  as 
to  fora  surface  barrier  layers  on  each  of  the  thin  reduced  BaTiOg  layers. 

Effective  internal  surface  barrier  layers  have  been  deaonstrated,  and 


very  high  voluaetric  efficiencies  appear  possible  if  the  injeotion  technology 
for  the  electrode  can  be  iaproved. 


2.4  Publication*  and  Pnmtitloni  at  Mittinii 

Over  the  enrrent  contract  period,  the  following  paper*  bare  been 
published  or  accepted  for  pnblioation. 

1.  S.L.  Swart*.  T.K.  Sbront.  T.A.  Schulze,  L.E.  Croc*.  'Dielectric 
Properties  of  Lead  Magnesian  Niobate  Ceramics.'  J.  Aner.  Ceran.  Soe. 
47:311  (1984) . 

2.  D.J.  Voss,  S.L.  Swart*.  T.B.  Sbront.  ’The  Effects  of  Varions  E-Site 
Modifiers  on  tbe  Dielectrics  and  Electrostrietiwe  Properties  of  Lead 
Magees inn  Niobate  Ceramics.'  Ferroelectric*  30:203  (1983). 

3.  T.K.  Sbront,  S.L.  Swartz,  M.J.  Hann.  'Dielectric  Properties  in  tbe 

Pb(F*i/2Nbi/2)03:PbNii/3Nb2/303  Solid  Solntion  System.*  Ball.  Aner. 
Ceran.  Soe.  (Jane,  1984),  in  press. 

4.  Tao  Xi,  Chen  Zbili,  L.E.  Cross.  'Polarization  and  Depolarization 

Behavior  of  Hot  Pressed  Lead  Lantbannn  Zirconatc  Titanate  Ceramics.'  J. 
Appl.  Pbys.  54:3399  (1983). 

5.  Chen  Zbili,  Tao  Xi,  1~E.  Cross.  *Depolarisation  Behavior  and  Eeversible 
Pyroelectricity  in  Lead  Seandinn  Taatalate  Ceranics  Under  DC  Bias.' 
Ferroelectric*  49:213  (1983). 

f.  Chen  Zbili,  Tao  Xi,  L.E.  Cross.  'Eeversible  Pyroelectric  Bffeets  in 
Pb(Sci/2Tai/2>03  Ceranics  Under  DC  Bias.'  Ferroelectric  Letters  44:271 
(1983) . 

7.  Tao  Xi,  Chen  Zbili,  L.B.  Cross.  'Polarization  and  Depolarisation 

Behavior  in  lot  Pressed  Lead  Lantbannn  Zirconatc  Titanate  Ceramics.* 
Ferroelectric*  34:143  (1984). 

8.  A.J.  Bell,  A.J.  Monlson,  L.E.  Cross.  'The  Effect  of  Grain  Size  on  the 
Permittivity  of  BaTiOg.*  Ferroelectric* 
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9.  A.J.  Ball,  L.E.  Cross.  'A  Phenomenological  Gibbs  Function  for  BtTiOj 
Giving  Correct  E  Field  Dependence  of  ell  Ferroelectric  Pbsse  Changes. ' 
Ferroelectrics  (in  press). 

10.  P.Z.  Ghosh,  A.S.  Bhalla,  L.E.  Cross.  'Preparation  and  Electrical 
Properties  of  Thin  Films.'  Ferroelectrics  51:29  (1983). 

11.  Zhang,  Lisngying,  Tao  Zi,  H.A.  MeEinstry,  L.B.  Cross.  'Qnasi  Static 
Capacitance  and  Ultra  Slow  Kelaxation  of  Linear  and  Nonlinear 
Dieleetries. '  Ferroelectrics  49:75  (1983). 

12.  A.S.  Bhalla,  C,S.  Fang,  L.E.  Cross,  Tao  Zi.  'Pyroelectric  Properties  of 
Modified  Trig  lye  ine  Snlphate  Crystals.'  Ferroeleetries  51:9  (1983). 

13.  C.S.  Fang,  Tao  Zi,  A.S.  Bhalla,  L.E.  Cross.  'The  Growth  and  Properties 
of  a  New  Alanine  and  Phosphate  Snbstitnted  Triglycine  Snlphate  (ATGSP) 
Crystals.'  Ferroeleetries  51:9-13  (1983). 

14.  D.C.  Hardy.  M.S.  Thesis  in  Ceramics,  'The  Modeling  and  Effeets  of 
Maerodefeets  in  Monolithic  Capacitors,'  The  Pennsylvania  State  University 
(Deo.  1983). 

The  following  papers  were  presented  at  National  and  International 
Meetings. 


ANNUAL 


f?wm  rKVAMTC  snrjVTT 

SMEtesL  jtUL  i  m 


1.  E.E.  Newnham.  Zeynote  Address:  'Strnotnre-Property  Eolations  in 

Mnltilayer  Ceramics.' 

2.  M.J.  Hann,  S.L.  Swartx,  T.E.  Shront.  'Dielectric  Properties  in  the 


PbFe1/3Nb2/303-PbNi1/2)*i/203  80114  ^i®*1®®  System.' 


3.  S.L.  Swarts,  D.J.  Toss,  T.E.  Shront.  'The  Effects  of  Various  Additives 
on  the  Dielectric  Properties  of  Lead  Magnesian  Niobate  Ceramics. ' 


O.C.  lardy*  G.L.  Massing,  l,i.  Schulz*.  'Defect  Modeling  in  BaTiOg 
Monoliths. ' 


C.S.  Fang*  ZJ.  Chen,  L.E.  Cross,  A.  Bhalla.  'Growth  and  Properties  of 
Lithimn-Doped  TGS  Crystal. ' 
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D.J.  Voss,  S.L.  Swartz,  T.E.  Shront.  'The  Effeets  of  Varions  B-Site 
Modifications  on  the  Dieleetrie  and  Eleetrostrietive  Properties  of  Lead 
Magnesinsi  Niobate  Ceramics. ' 

P.  Ghosh,  A.S.  Bhalla,  L.E.  Cross.  'Preparation  and  Eleetrieal 
Properties  of  Thin  Films  of  Antinony  Snlphnr  Iodide  (SbSI) . ' 

C.F.  Clark,  T.N.  Lawless,  S.L.  Swartz*  'Quantum-Ferroeleetric  Pressure 
Sensor. ' 


C.  Zhili,  T.  Xi,  L.B.  Cross.  'Pyroeleetrie  Property  of  Pb(Scjy2Tai/2)03 
Ceramics  Under  DC  Bias.’ 

A.S.  Bhalla,  B.B.  Newnham.  'Low  Tenperatnr*  Pyroeleetrie  Properties.' 
C.S.  Fang,  T.  Xi,  Z.X.  Chen,  A.S.  Bhalla,  L.E.  Cross.  'The  Growth  and 
Properties  of  a  New  Alanine  and  Phosphate  Substituted  Triglycin*  Sulphate 


(ATGSP)  Crystal.' 

FALL  MEETING  OF  THE  AMEBIC AN  CERAMIC  SOCIETY 

MMMHBMs  MI. 


L.E.  Cross.  'Belazor  Ferroelectric*. ' 

J.V.  Bigger*.  'Center  for  Dieleetrie  Studies  at  The  Pennsylvania  State 
University. 


3.0  BASig-STTCPaS 

3.1  Bclazor  F«rroi 


3.1.1  latradietlsa 

Over  the  lect  40  years,  ea  ezeelleat  detailed  picture  has  emerged  as  to 
the  aaaaer  ia  which  cooperative  ferroaagaetic  order  builds  up  as  the  size  of 
'clusters’  of  iateractiag  asgaetie  spias  iacrease.  For  siaple  atomic  species 
like  iroa  CFe),  the  picture  ia  both  qualitatively  detailed  sad  quantitatively 
precise.  Proceediag  froa  the  isolated  weakly  iateractiag  spiaa  of  the 
classical  paraaagnet,  the  qualitative  picture  of  orderiag  as  the  cluster  size 
iacreases  is  depicted  schematically  ia  Figure  3.1. 

Ia  the  dilute  systea,  the  asgaetie  field  aust  coapete  with  the 
raadoaix lag  aetioa  of  theraal  aotioa  sad  the  level  of  iaposed  asgaetie  order 
is  very  weak  as  evidenced  by  the  very  low  susceptibility  of  the  weak 
paraaagaeta.  If.  however,  asgaetie  ioas  (atoas)  cluster  as  ia  very  fine  (50A) 
iroa  particles.  (A)  or  for  ezaaple  by  fluetuatioas  ia  site  occupaaoy  ia  a 
cobalt  ziae  ferrite  (B).  at  a  critical  size  the  spias  ferroaagaetieally  couple 
to  fora  a  large  asgaetie  aoaeat.  Siace.  however,  the  asgaetie  aaisotropy 
energy  is  lover  thaa  the  energy  of  orderiag,  the  spin  eluster  (sad  its  larger 
aoaeat)  are  unstable  against  theraal  fluctuations. 

The  ordered  spin  elueter  thea  behaves  like  a  'super  dipole*  siaoe  the 
H.M  tera  is  aow  auch  larger  thaa  H.a  for  aa  isolated  spin,  applied  H  fields 
oaa  induce  larger  asgaetie  aoaeats,  higher  susceptibilities,  hence  the  tera 
superparaswgae  t . 

It  aay  be  aoted  that  ia  ooatrast  to  aore  ordered  states,  when  the  field 
ia  reaoved,  theraal  aotioa  will  completely  raadoaise  the  cluster  aoaeats  sad 
ao  reaaaeace  will  occur.  If,  however,  the  deasity  of  spia  dusters  is 
increased,  again  above  a  critical  value  cooperative  interaction  aay  ocour,  so 
that  the  clusters  theaselves  aow  order  giviag  critical  super  paraaagaetisa. 


FERROMAGNETIC  ORDERING 

Steps  In  the  build  up  of  magnetic  order  in  different  systems  well  characterized 


Individual  spin  moment  m 
Thermalx'^Thermol 

|h  Dilute  Paramagnet 


Thermal 


Coin  cln.L.  LWB*  M  °f 

Spin  clusters  du$tff 


©  ©  © 


Very  weak 
ramanence 


"Abrupt" 
'Domain  walls 


Super  Paramagnetic 


Critical  SPM 


|  Ms 

Large  ordered  domains 


Ferromagnet 


A.  Spin  clusters  can 
be  in  very  fine 
ferromagnetic 
particles  e.g.  Fe 

QI 

B.  Due  to  fluctuations 
in  site  occupancy 
as  in  Cobalt  Zinc 
Ferrite 


Figure  3.1.  Schematic  illustration  of  the  build  up  of  magnetic  ordering 
with  spin  cluster  size. 
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vktri  i  ftik  bat  aurntbli  reaanence  will  occur.  Finally,  one  any  expect 
that  la  a  aaifora  systea,  thire  the  spina  are  positioned  on  a  lattice  of 
snitabla  diaeasioa  for  exchange  coupling,  the  phenoaena  of  aoraal 
ferroaagnetisa  will  occur  where  the  ordered  state  is  eharaeterised  by 
hoaogeneously  aagnetized  doaaias  separated  by  relatively  narrow  wall  regions 
where  the  spins  reorient  eoatinuoasly  and  over  a  short  distance  froa  one  to 
the  other  direotioa  of  aagnetisation. 

In  a  ferroeleotrioity  the  qualitative  and  quantitative  pietnre  of  how  the 
cooperative  order  bailds  np  with  size  is  nowhere  near  so  eoaplete. 

It  is  elear  that  in  aany  ferroelectric  systeas,  long  range  dipole:dipole 
fields  play  a  aost  iaportant  role  in  de-stab ilia lag  the  paraelectric  fora,  bat 
the  ezaet  balance  of  ordering  forces  is  still  nnolear  even  in  siaple  proper 
ferroelectries.  Unfortunately,  the  dipole:dipole  field  is  aneh  weaker  and  of 
longer  range  than  exchange  interaction,  so  that  the  role  of  free  poles  and 
consequent  depolarization  fields  is  correspondingly  aore  iaportant.  le  have 
no  convincing  evidenoe  of  ferroeleotrioity  in  aaorphous  or  glassy  systeas  and 
at  least  in  the  oxygen  octahedron  proper  ferroelectries  a  rather  clear 
indication  that  one  aode  of  deforaation  of  the  crystal  lattice  (the  soft  aode) 
oarries  aost  of  the  action  for  ferzoelectrio  ordering. 

Clearly,  the  probleaa  of  achieving  proper  size  and  scale  are  auch  aore 
aooute  in  the  ferroelectrio  coapounds  than  in  soae  of  the  siaple  eleaental 
aagnetics.  Question  of  how  the  cheaistry  and  the  surfaoe  structure  change  or 
reconstruct  suggest  that  siaple  coaainution  to  saall  nanoaeter  size  particles 
will  be  fraught  with  difficulties.  In  seeking  to  establish  in  analogue 
fashion  the  build  up  of  ferroelectrio  order,  it  would  then  appear  that  a 
crystalline  alternative  (like  type  B  in  Figure  3.1)  would  be  the  aost 
profitable  to  explore. 


3.1.2 


frrr  •  • rmrr 


It  hti  bin  known  tine*  inly  work  by  Saolensky  in  1938(3).  tkmt  load 
bind  perovskite  typo  dieloctrios  with  aizsd  ootiono  of  Tory  difforont 
forrooloetrie  oetiwity  on  tko  B  aites  of  tka  ABO3  atrnctura.  ahow  paonliar 
diffnaa  pkaaa  transitions.  Parkaps  tka  first  wall  antkantioatad  ezaaple  was 
PbM|iy3Nb2/s03  (PUN)  wkara  eztensive  work  in  tka  Sowiat  Union  kas  docnaantad 

(a)  Tkat  tka  taaparatnra  of  tka  dialaotrie  paaks  naar  0*C  is  a  strong 
fmnotion  of  aaasnring  frequency.  aowing  to  kigkar  taaparatnra  witk  kigkar 
frequency.  Tka  lowar  taaparatnra  daeay  froa  tka  paak  is  also  assoeiatad  witk 
a  aaxiaua  in  s"  (tan  8)  anggasting  ralazation  ekaraetar.  in  spita  of  tka  foot 
tkat  s'  aaziana  is  aora  tkan  20.000  and  tkns  in  tka  ranga  azpaetad  for  a 
farroalaotrie  transition^. 

(b)  Below  tka  dialaotrie  aaziana.  tkara  is  no  evidence  of  aacroseopie 
anisotropy  and  single  crystals  of  PUN  still  appear  enbic  to  botk  optioal  and 
z-ray  test*5*. 

If.  kowewer.  tka  crystal  is  cooled  in  a  strong  E  field,  aacroseopie 
anisotropy  is  evident  and  tka  crystal  nay  be  left  raaanantly  in  a  state  of 
rkoabokadral  syaaatry  anek  like  BaTiOg  below  -90*c(*).  Moreover,  abrupt 
ravarsal  of  tka  field  prodneas  switeking  by  a  doaain  wall  aotion  as  in 
conventional  farroalaotries.  However,  re-keating  tka  poled  state  prodnead  a 
loss  of  all  reaanenoe  at  taaparatnra  wall  below  Te  tka  dielectric  aaziana^. 

(e)  Detailed  annealing  stadias  skow  no  avidanoa  of  long  ranga  order  in 
tka  cation  (Mg:Nb)  arrangaaant  upon  tka  B  sites,  and  one  nuat  presuae  tkat 
statistical  flnetnations  in  site  occupancy  destroy  perfect  periodicity  in 
tkese  crystal s^. 

It  was  raoognizad  qnita  early  tkat  in  tkasa  diffusa  transition  aaterials 
coaposition  fluctuations  could  lead  to  a  distribution  of  local  Curia 
teaperatures  and  to  tka  oo-ozistence  of  polarised  and  unpolarised  regions  over 
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•  ru|«  of  tupmtu*  aroud  T#(  kotmr>  util  recent  work  by  Nora  Sottar  ia 
tkls  Laboratory*  tka  eraoial  rola  of  tba  fluctuations  ia  eatioa  ocoapuej  was 
aot  pro  to  a. 

To  verify  saparparaalaetrie  behavior,  two  faataraa  aut  ba  prowaa. 


(i)  That  tbara  ara  polar  aiero-ragioaa  co-ezistiag  with  a  aoapolar 


matrix. 


(ii)  That  tba  looal  alaetria  dipola  aoaaata  of  tbaaa  ordarad  ragioaa  ara 
aot  fized  ia  apaaa  bat  ara  aodalatad  by  tba  tbaraal  fiald. 


3.1.3 


3. 1.3.1 


L.  To  prowa  tba  iaportaat 


rola  of  flaataatioaa  la  aatioa  oaeapaaay  oa  tba  B  aita  of  tba  laad  baaad 
parorskita  ralazora  it  ia  worth  raitaratiag  tba  azpariaaatal  data  of  N.  Sattar 
apoa  tba  aatarial  Pb(8o^2^l/2^3  (PST).  Froa  a  earafal  tabalatioa  of 
crystal  cbaaioal  data  for  aaay  parowakitaa  with  aixed  B  aita  cations.  Nawa  was 
able  to  predict  that  PST  woald  ba  right  at  tba  boaad  batwaaa  straetaras  ia 
wbioh  tba  B  aita  ioas  ara  ordarad  on  a  saparlattioa  and  straetaras  ia  which  B' 
sad  B"  ara  statistically  disordered^ . 

Tba  iaportaat  rasalts  from  Nawa’s  work  in  MEL*10*"12)  oa  PST  ara 
saaaarisad  ia  Figure  3.2.  She  was  able  to  show  by  z-ray  stadias  that  ia  PST 


>idly  froa  high  taaparatara  Sc  and  Ta  ioas  sra  disordered  as  ia 


3.2(b)  while  by  loag  aaaaaliag  st  taaparstaras  of  order  1000*C  tba  Sc:Ta 
saparlattioa  stractare  of  3.2(s)  could  ba  bailt  ap  to  batter  tbaa  80%  order, 
■ara  at  last  was  s  vehicle  apoa  which  to  prove  coaclasively  whether  short 
raaga  (100  to  1,000  A)  flactaations  control  the  properties,  sad  the  answer  is 
unequivocal.  Dielectric  properties  of  the  ordered  stractare  are  those  of  s 
convent ioas 1  ferroelectric  with  sharp  first  order  phase  change  and  an  abrupt 
loss  of  P#  sad  optical  aaisotropy  at  TQ.  The  disordered  crystal  at  identical 
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Thermal  Annealed  State 


Quenched  State 


**7  *•  *0  *■ y/  j 

Cubic  perovskite  structure  of  ordered  (a)  and 

JI _ /j _ .j  iu1  A/n1  o'  1ft  U«  n'm  Cr 
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Dielectric  Properties 
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Optical  Properties 
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No  macro  order 
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Figure  3.2  Evidence  from  work  on  lead  scandium  tantalate. 
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composition,  however,  show*  classical  relazor  behavior  with  a  dielectric 


aasiasa  whose  teaperatnre  depends  aarkedly  on  frequency,  which  has  the 
associated  lower  teaperatnre  loss  aaziaa  and  the  ezpeeted  loss  of  reaaaeaee  at 
a  teaperatnre  well  below  Tc  as  evidenced  in  the  optical  anisotropy.  As  in 
PUN,  PST  in  the  disordered  cation  state  shows  no  optical  or  x-ray  anisotropy 
if  cooled  withont  field,  bat  a  clear  rhoabohedral  structure  if  cooled  nnder 
bias.  The  ordered  material,  however,  develops  a  aaerodoaain  atrnotnre 
iaaed lately  below  Te  with  the  ezpeeted  rhoabohedral  anisotropy.  The  findings 
are  anaaarized  in  Table  3.1  and  the  evidenoe  is  very  clear  that  if  th* 
statistical  flnctnationa  in  Sc:Ta  distribution  of  the  disordered  state  are 
removed  by  annealing  to  fora  the  perfectly  periodio  lattice  of  Figure  3.1(a) 
the  relazation  (diffuse  transition)  behavior  is  lost. 

In  all  very  high  peraittivity  paraeleetrio  dielectrics,  there  will  be 
fluctuations  in  the  local  dipole  aoaent  due  to  thermal  aotions  whioh  will 
beooae  quite  large  as  the  aystea  approaches  its  Curie  teaperatnre.  For  the 
ordered  PST  structure,  since  the  lattice  is  perfectly  periodic  and  all 
auperlattiee  cells  are  identical  in  a  she  up,  these  fluctuations  aust  be  randoa 
in  both  space  and  tiae.  and  up  to  the  sharp  Curie  teaperatnre  Te  the  tiae 
average  of  P  at  any  location  in  the  crystal  aust  go  to  aero.  Siailarly.  below 
Te  the  structure  will  develop  a  spontaneous  polarisation,  and  the  tiae  average 
of  P  at  all  locations  will  be  non-xero. 

For  cation  disordered  PST  however,  one  unit  cell  is  not  identical  to  its 

neighbor  either  in  coaposition  or  diaenaions,  and  spacial  homogeneity  is  lost 

e 

over  regions  of  order  100  to  1000  A  in  size.  Due  to  differences  in 
coaposition,  these  looal  regions  will  have  different  Curie  temperatures  and 
even  at  teaperatures  well  above  this  Curie  region,  the  spacial  hoaogeneity  of 
the  fluctuations  will  be  lost. 
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CONCLUSION 

In  Pb Oj 

For  the  Annealed  Cation  Ordered  State  —  no  cation 
composition  fluctuations 

Normal  Ferroelectric  Properties 

(1)  Sharp  l#t  order  change  at  Tc 

(2)  Stable  remanent  polarization 

(3)  No  frequency  dependence  at  radio 
frequencies  in  ferroelectric  state 

(4)  Stable  birefringence 

(5)  Rhombohed 

For  the  Quenched  Cation  Disordered  State—  must  have 
statistical  fluctuations  in  Sc:Ta  distribution  on  B 
Superparaelectric  Properties 

(1)  Diffuse  phase  change 

(2)  No  stable  remanence 

(3)  Strong  frequency  dependence 

(4)  No  stable  birefringence 

(5)  Cubic  macro  symmetry  to  both 
X  rays  and  optical  frequencies 

In  Perovskite  PLZT  8«65«35 

Demonstrate  Critical  Superparamagnetism 


Table  3.1. 


IS 


Is  tkui  eitiM  lii«r(Ur«4  i  er it leal  (Mitioa  CO  no  era  lag 

th*  aaalogae  vitk  ny«f)a(ui|MtiM  is  thi  fsllsviag:  Is  s  lossl  rsgioa  of 
kl|i  T#<  oaoo  tk«  polsrixatioa  ssasos  to  fiaotmats  periodically  throagh  zero, 
doss  tkt  vector  stab  ills*  ia  orioatatioa  to  fora  s  aiorodoaaia,  or  doss  tbs 
orisatstioa  of  tbs  vector  coatiaaaily  sbaags  ia  respoaas  to  tbsraal 
flaetastioas  as  ia  tbs  sapcrparaaagaet. 

Mors  reoeatly,  to  sxplors  this  iaportaat  qaestioa  sa  extensive  ssriss  of 
asasarsasats  bars  bsea  aads  of  tbs  polarisatioa  sad  dspolarisatioa  behavior  of 
PST. 

It  is  elsar  froa  Figaro  3.1  that  aftsr  eooliag  aadsx  DC  bias,  both  eatioa 
ordsrsd  aad  disordsrsd  PST  saaplss  baild  ap  a  sabstaatial  rsaaasat 
polarixatioa,  however.  oa  baatiag  tbs  tsapsratars  dspsadsaoa  of  Pg  is  quit  a 
diffaraat.  Tbs  ordsrsd  saaplss  rstaia  bigb  rsaaasaos  ap  to  Te  wbils 
disordsrsd  saaplss  loss  all  rsaaasaos  at  a  tsapsratars  veil  bslov  TQ  as  jadgsd 
froa  tbs  dislsetrio  aaxiaaa.  Msasarsasats  by  tbs  Byer-Eonady*13*  tscbaiqus  of 
tbs  pyroslsetrio  rsspoass  eoafira  tbsss  diffsrsaess  (Appsadix  1)  aad  saggsst 
that  tbs  polar  aiero-rsgioas  for asd  bslov  T0  bars  a  raags  of  tsapsratars  ovsr 
vbiob  tbsir  P#  is  aot  stabls  ia  orisatstioa,  i.e.  tbs  crystal  oaa  bs  polsd  to 
a  sabstaatial  pyro’-eoeffieisat,  bat  aftsr  rsaoviag  tbs  poliag  fisld  aost  of 
tbs  pyroslsetrioity  is  lost. 

Ia  aaay  aaerosoopic  fsrroslsotries,  it  aay  bs  obssrvsd  that  Pg  is  aot 
stsbls  at  tsa^sratarss  oloss  to  T0  as  tbs  polsd  saapls  breaks  op  iato  doasias 
of  diffsrsat  orisatstioa.  Tbs  data  prsseatod  clearly  sbov  that  Pg  ia  tbs 
polar  aiero-regioa  is  aot  stabls  over  tias,  hovever.  it  doss  aot  distiagaisb 
vbstbsr  tbs  asobaaisa  by  vbiob  rsaaasaos  is  broksa  ap  is  sapsrparaslsotrio  or 
Is  oas  of  doaaia  iastability  close  to  tbs  local  TQ. 

A  farther  test  vbiob  toads  to  eoafira  saperpsraeleetrioity  is  tbs 
aessareaeat  of  tbs  rsvsralbls  baild  ap  aad  dsoay  of  polsrisatioa  under  DC  bias 


fitk  my  weak  tbinil  eyeliai  (Appendix  2).  Ihi  technique  oied  htn  tu  tbs 
Cbytontb^^  astbod  of  aismiMat  ia  wkiek  a  tiny  flak*  of  tko  saaplo  ia 
eyelod  over  a  ainute  teaperature  raage  at  5.5  Ha  os  inf  a  ckoppad  iafrared 
heatiag.  Farroaleotrio  doaaia  aotioa  ia  hysteritie.  aad  for  vary  aaall 
tkaraal  aaplitadaa  it  akoald  aot  eoatribata  to  tka  reversible  pyroalaetrio 
raapoaaa.  Superparaelectric  tkaraal  diaordariag  ia  however  ravarsibla.  aad  at 
tka  lov  eyeliag  frequency  aaad  ia  tka  Chyaoweth  experiaeat.  it  akoald 
ooatxibata  a  aabataatial  axtriaaie  ooapoaaat  to  tka  pyroalaetrio  raapoaaa. 
Figara  5  ia  Appaadix  2  shows  tka  wary  stroag  aakaaoaaaat  of  pyroalaetrio 
raapoaaa  awidaat  in  disordarad  PST  as  eoapared  to  tka  wary  saall  affaet  ia  aa 
ordarad  saaple.  Stroag  awidaaea  tkat  at  laaat  part  of  tka  diaordariag  proeaas 
ia  rawarsibla  aad  tkaa  ia  aot  likaly  to  bo  doaaia  orlgiaatad. 

3. 1.3. 2  Work  Paon  PLZT  Ralaxors.  Ia  wiaw  of  tka  iaportaaea  of 
polarisation: dapolar ixatioa  stadias  for  tko  ekaraetar izatioa  of 
saporparaalaetrioity.  it  appaarad  worthwhile  to  axtaad  oar  stadias  to  tka  load 
laatkaaaa  sirooaata  titaaata  (PLZT)  faaily  ia  tka  raaga  of  eoapositioaa  bayoad 
7  noleft  LajOj  wbare  tkora  is  obwioas  ralaxatioa  ekaraetar  in  tka  dialaetrie 
raapoaaa. 

Tka  7:55:35  aad  9:55:35  PLZT  eoapositioas  wkiek  axkibit  tka  so  eallad  a:0 
pkase  transitioa^^  at  a  tenperatare  wall  below  tka  dialaetrio  paraittiwity 
aaxiaaa  ware  tka  first  objaet  of  stady  (Appaadix  3).  For  tka  8:55:35  it  is 
agaia  elaar  tkat  eooliag  froa  kigk  teaperature  ia  tka  absaaea  of  aay  alaotrie 
field  ao  aaexoseopie  phase  ehaage  appears  aad  tka  earaaie  is  affaetiwaly  cubic 
for  both  x-ray  aad  optioal  probes.  Cool  lag  aadar  area  weak  field,  however.  (3 
kV/oa)  leads  to  a  rapid  build  up  of  reaaaent  polarization  at  teaperatures  near 
80* C  (the  so  eallad  u-0  traasitioa)  wkiek  persists  to  all  lower  teaperatures. 


It  is  important  to  note  that  this  poltd  ststs  is  completely  noa-dispersive  ia 
dislsctric  rsspoass  ia  ths  radio  frequency  range. 

Applying  a  aodsrsts  fisld  (lass  than  8  kV/ea)  to  a  freshly  dspoled  ssapls 
slrssdy  cool ad  to  -7S"C  doss  not,  however,  remove  dispersion,  bat  loads  to  s 
new  dialactrio  change  to  ths  noa-dispersive  ststs  oa  hsstiag.  This 
'transition'  aoves  to  lower  tsapsratars  with  sithsr  increasing  fisld  or 
dssrsassd  hsstiag  rats.  Agaia  ths  dislsotrie  ohaags  is  assoeiatsd  with  a  vary 
obvious  baiid  up  of  a  aseroscopic  rsaaasat  polariaatioa  (Appendix  3). 

Ths  as  unusual  bshawiors  eaa  ws  hallows  bs  acoouatsd  for  wary  aiosly  by 
ths  aodsl  of  supsrparaslsotrioity.  It  would  appsar  that  ia  ths  PLZT, 
iahoaogsasitiss  ia  ths  La.  Pb  aad  vacancy  distributioa  load  to  ooapositioaal 
hstsrogsnisty  and  a  distributioa  of  Curia  tsapsraturos  loading  to  ths  diffusa 
transition  asar  T0.  Ia  ths  Curia  raags,  ws  supposo  that  ths  polar  aicro- 
rsgioas  ars  supsrparaslsetrio.  but  frssss  out  into  a  randoa  easeable  of 
aicrodoaaias  at  ths  vary  low  tsapsraturs.  Clsarly  ths  avsrago  soals  ia  sueh 
that  ths  doaaias  ars  bslow  ths  rssolutioa  of  ths  optical  aicrosoopo  or  ths 
eohsrsass  loagth  of  ths  x-ray.  Presumably  sobs  micro-regions  (presumably  the 
sasllsst)  rstaia  mobility  svsa  at  low  tsapsraturs  aad  preserve  ths  dispersive 
oharactsr  of  ths  psraittivity. 

Dadsr  aodsrsts  slsotrio  fisld  applied  at  high  tsapsraturs.  it  would 
appsar  that  enough  order  is  superposed  ia  ths  tsapsraturs  region  asar  80*C 
(soas  35*C  bslow  T0)  that  ths  aicro-rsgioas  build  up  iato  stable  aacro-doaaias 
which  ars  stable  to  all  lower  teapsraturss.  At  very  low  temperatures  ia 
dspoled  saaplss.  prssuaably  the  polar  aicro-rsgioas  ars  froxsa  out  iato  aa 
array  of  polar  aicrodoaaias  aad  ths  fisld  is  too  weak  to  iaposs  order.  Oa 
waraiag  however,  thsrasl  aotioa  iaparts  mobility  to  ths  doaaias  aad  aaoro- 
ordsr  can  bs  built  up.  As  would  bs  expected,  ths  larger  ths  fisld  aad  ths 


longer  tki  tiae,  tk«  lover  would  bo  tbo  teaperature  at  vhioh  tbo  aaero-ordered 
otato  oovld  bo  ballt  ap. 

Tbo  qualitative  behavior  ia  elooo  to  that  which  would  bo  oxpootod  for 
oritioal  superparaelectrieity,  with  tho  aioro-region*  now  at  a  concentration 
on  tho  brink  of  generating  aaoroooopie  ordering. 

Stndioo  extending  aeaenreaenta  to  eaapiea  in  the  range  fron  7  to  9.5 

■ole*  La2<>3  give  vhat  appear*  to  be  a  continnona  apeetrna  of  reaponae  froa 
anperparaelectric  to  oritioal  anperparaeleetrie  to  ferroeleetrie  behavior 
(Appendix  4). 

Stndiee  on  theee  aateriala  are  now  being  extended  to  investigate  their 
eleetro-aeehanieal  and  eleetro-optie  eharaeter  eo  aa  to  obtain  aore 
inforaation  on  the  polarixation  process. 

3.1. 3.3  Hiiiu-aLtttifcUi  ftimi.  kitim-  it  is 

perhaps  interesting  to  speenlate  aa  to  the  proper  terainology  for  the 
polarixation  processes  in  these  aixed  oation  relaxors.  in  the  evidenee  froa 
Nava  Setter's  work,  the  seals  of  coapositional  heterogeneity,  and  consequent 

10  aodnlation  appears  ia  the  range  100  to  1000  A.  at  the  edge  of  vhat  nay  be 
properly  characterised  as  a  separate  phase.  Clearly,  on  this  scale,  when  the 
aicro-'region  changes  froa  a  non-pol sr  to  a  polar  condition  a  phase  change  anst 
have  occnrred. 

On  a  global  scale  of  say  1  oc  of  the  notorial,  however,  no  clearly 
identifiable  change  has  occurred.  The  polar  aicro-regioa  is  constantly 
reorienting  so  there  is  no  asoro-polarixstion,  no  aacroseopic  structure  change 
and  no  abrupt  change  in  any  aeasnrable  extensive  varisble.  For  this  1  oe 
scaling,  clearly  the  poling  field  is  the  sgenoy  vhich  effects  s  phase  change 
inducing  a  large  (at  low  teaperature  stable)  aacroseopic  polarization,  and  aa 
obvious  aacroseopic  structure  change. 
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For  tkt  8:65:35,  oa  the  global  teal*  cooliag  aader  ao  fit Id  clearly  traps 
the  systea  ia  a  aetastable  eabie  atata  (aaeroscopically)  aad  a  shift  to  the 
aora  atabla  ferroelectric  polar  atata  oaa  ba  iadaoad  by  high  E  fialda.  A 
phaaoaaaological  tharaodyaaaic  aodal  which  qaita  proparly  traata  the  ayataa  ia 
thia  way  haa  baaa  raoaatly  pabliahad  by  Joaker^*).  Va  baliawa  thara  ia 
abaolataly  ao  ooafliet  batwaaa  thia  aodal  (for  tha  aqailibriaa  propartiaa)  aad 
tha  aicroacopic  aodal  propoaad  here. 

A a  with  all  tharaodyaaaic  aodala,  tha  coatribatioa  to  baaie  uaderataadiag 
ia  ezoelleat,  bat  tha  coatribatioa  to  tha  aadarataadiag  of  tha  dyaaaica  ia 
aiaiaal  aad  tha  aora  datailad  aicroacopic  aodal  ia  aacaaaary  to  aadarataad  tha 
ralaxatioa  behavior. 

3.2  Practical  Ealazor  Pialactrica 

3.2.1  Lead  Mataaslaa  Wlobata  Baaed  Coaooailloaa 

Aa  iaportaat  coatribatioa  to  tha  aaa  of  relazor  load  aagaaaiaa  aiobata  ia 
alactroatrietiwa  aicropoaitioaera  aad  in  dialaotrio  applieatioa  haa  baaa  tha 
dawalopaaat  aad  doonaiaatatioa  of  a  procaaa  for  fabrieatiag  thia  aaterial  ia  a 
fora  free  froa  tha  troablaaoaa  pyrochlora  phaaa.  Details  of  thia  work  are 
giwea  ia  Append iz  5. 

In  brief  aaaaaxy,  both  AN^/jNbg/sOj  aad  ita  aolid  aolntioaa  with  PbTiOj 
can  ba  prepared  ia  para  parovakite  fora  by  aaiag  a  MgNbjO^  eolaabita  atractara 
praoaraor  ia  the  oaloiaiag  reaction,  aad  by  addiag  a  aaall  azcaaa  of  MgO. 
Peraittiwity  valaes  at  the  peak  ia  ezoesa  of  18,000  for  PMN  aad  31,000  for  PMN 
+  10%  PT  eaa  ba  realized  aaiag  a  aaall  azcaaa  of  MgO  aad  a  firiag  achadala 
which  iacreaaea  tha  graia  tire. 

In  a  aacoad  aora  raoaat  stady,  Voaa,  Swartz  aad  Shroat  (Appendix  6)  have 
azaaiaad  tha  affacta  of  a  wide  raage  of  aiaor  aliovaleat  additives  to 
****1/3^2/ 3°3*  Briefly  saaaarizad,  thair  ooaelaaioaa  are 
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(1)  Additives  vhioh  raise  tk*  Curl*  ru|t  (Tc)  also  raise  the  peak 
permittivity. 

(ii)  High  permittivity  saaples  all  shov  high  dieleetrie  saturation  under 
DC  hiae. 

(iii)  No  general  trends  as  to  the  effeets  of  ionie  sise  apon  diffuseness 
of  the  phase  change  could  he  adduced  froa  these  studies. 

(iv)  In  general*  aore  diffuse  phase  transitions  lead  to  lover  values  of 
the  eleetrostrictive  0^2  constant*  but  nay  he  advantageous  for  the  field 
relsted  of  iaportanee  for  aicropositioners. 

3.2.2  Lead  Iron  NlohateiLead  Nickel  Nlobate 

lesults  of  a  preliainary  study  of  the  n(Pb(Pe^^2N1>i/2^3^  " 
(l-n)Pb(Ni1/gNb2/g)03  PFN:PNN  solid  solution  has  been  ooapleted  (Appendix  7). 
Coapositioas  with  x  2  0.6  vere  found  to  densify  at  sintering  teaperatures  less 
than  1000*C  and  to  provide  peak  dielectric-  relative  peraittivities  K'  >  15*000 
and  relatively  low  teaperature  coefficients  of  eapeeitaaee  change.  Additions 
of  saall  aaounts  of  MnO  vere  found  to  increase  the  resistivity  aarkedly  sad  to 
reduce  dielectric  loss.  Saall  addition  of  PbTiOj  raised  the  Curie  teaperature 
and  increased  the  aaxiaua  permittivity. 

3.3  toll  liML  IttUlLig  f»n 

Fol loving  the  methodology  outlined  in  the  previous  report*  a  aore  refined 
theraodyaaaie  fuaotion  is  being  developed  to  describe  the  single  doaain 
dielectric  piesoelectrie  and  elastic  properties  of  BaTiOg  over  the  vhole 
teaperature  range  froa  veil  above  the  Curie  teaperature  Te  to  absolute  sero. 
This  vork  is  in  cooperation  vith  Dr.  A.J.  Moulson  and  his  student  A.  Bell  at 
Leeds  University. 


Progress  to  date  has  included  the  refineaent  of  the  Buessea*  Oosvsai. 
Cross  Elastic  Gibbs  Fuaetioa(^7*18)  by  including  the  last  peraitted  sixth 


order  term  C®»|p|p|)  which  was  omitted  from  their  function.  Choosing  i  mine 
of  H  -  4.91  z  10 9  Vi9c"*,  the  function  now  predicts  sll  the  lower  temperature 
phase  changes  in  their  correct  locations.  As  a  check  of  the  validity,  the 
high  eleotrio  field  (field  along  100)  effects  upon  the  temperatures  of  all  the 
phase  changes  have  been  calculated  and  compared  to  recent  excellent 
experimental  data  from  Fesenko  at  al.  The  agreement  between  calculated  and 
observed  shifts  is  excellent.  An  unexpected  prediction  from  the 
phenomenologioal  calculation  is  that  the  pyroeleetrio  effect  in  the  induced 
tetragonal  phase  below  0*C  should  change  sign  at  high  B  fields.  Experiments 
are  being  planned  to  check  this  prediction.  A  more  detailed  account  of  this 
work  is  given  in  Appendix  8. 

As  a  first  exploratory  study  of  the  effects  of  internal  stress  upon  the 
single  domain  dielectric  permittivity,  it  was  assumed  that  the  internal  stress 
would  be  proportional  to  the  square  of  the  eleotrio  polarization 

*ij  “  **  tijklVl 

and  1  was  taken  as  the  arithmetic  mean  of  the  three  principle  permittivities. 
Under  these  assumptions  of  K.  values  of  0.0S2.  0.082.  0.205  in  tetragonal, 
orthorhombic  and  rhombohedrsl  phases,  respectively,  mean  permittivities  up  to 
i|  ■  4,000  occur  near  room  temperature  and  the  shifts  of  the 
ferroelectric: ferroelectric  phase  transitions  appear  reasonable.  The  shift  of 
the  Curie  temperature  is  a  little  larger  than  expected,  but  this  is  probably 
becauae  of  the  sharp  first  order  phase  ohange  which  is  assumed  in  the  model, 
but  is  much  rounded  by  local  inhomogeneous  stresses  in  the  finer  grained 
ceramics.  More  details  of  this  work  are  given  in  Appendix  9. 

Clearly  assumptions  as  to  the  proportionality  of  the  stress  and 
polarization  squared  are  highly  suspect  so  that  the  data  in  Appendix  9  are 
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just  a  first  oat  at  tbs  problaa.  fits  tbs  aors  refined  x-ray  data  beooass 
available  froa  asasareaonts  oa  esraaios  aad  powders.  it  sboald  bs  possible  to 
dadaca  tba  aotaal  average  strass  lava Is  aad  tbas  to  a aba  a  aora  quantitatively 
axaet  analysis. 


f a T'T v l  \ 


Barliar  stadias  apoa  tba  affaets  of  spaoa  ebarga  ia  MLCs  (Schulze'15*) 
bars  saggastad  tba  aaad  for  a  aora  praeisa  evaluation  of  tba  aatara  aad 
distribation  of  tba  obargas  involved.  Froa  tba  aarliar  study,  it  vas 
spaealatsd  that  tba  ebarga  at  lower  taaperataras  was  doaiaaatly  ioaie  aad  tba 
aost  probabla  transporting  spaeias  anion  (oxygen)  vaoaaoias. 


In  tba  present  proposed  sxpariaaat.  DC  leabage  oarrant  and  potential 
distribation  will  be  aoaitorad  simultaneously.  An  experiaeatal  aparatas  bas 
bean  designed  to  accomplish  tba  aonitoriag  using  up  to  10  carefully  buffered 
potential  probes  wbiob  will  be  aabeddad  ia  tba  saaple  at  various  distances 
from  tba  active  currant  eleotrodes  (sea  Figure  4.1). 

Samples  for  tbis  experiment  will  be  formed  by  tape  casting  tba  desired 
dieleotric  formulation  into  tbin  sbaats.  then  laminating  and  firing  tba  sbaats 


ilithic  structure  with  tba  noble  metal  probes  internal  to  tbe 


block.  Initial  studies  will  be  concantratsd  upon  bigb  purity  barium  titaaate, 
using  bigb  purity  commercial  powders  sad  powder  to  be  made  at  Penn  State  by 
tba  liquid  mix  process.  Potential  distribution  and  leakage  currant  will  be 
followed  as  a  function  of  time  at  fixed  temperatures.  In  later  studies  whan 
tba  bounds  of  tba  method  have  bean  explored,  we  propose  to  vary  tba 
stoichiometry  Ba/Ti  ratio,  examins  the  affects  of  dopants,  electrode 
compositions,  porosity  and  defeots.  stc.  Earlier  studies  showed  clear 
evidence  of  affective  blocking  of  current  flow  at  tba  lower  temperatures.  By 
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thti*  experiments,  we  ujr  decide  at  oaoa  between  balk  and  grain: grain  boundary 
b looking  aad  idaatify  tho  ragioaa  of  bigk  aad  of  low  field  directly. 


At  tba  preaaat  tiae,  the  experimental  equipment  baa  beea  built  and 
tested.  the  software  ia  written  to  enable  eoaplete  eoaputer  control  of  tbe 
data  acquisition.  Initial  saaples  hare  been  fabricated  froa  pure  BaTiOg 
by  tbe  liquid  aix  process,  aad  studiea  are  now  nearing  eoapletion  to  ascertain 
proper  firing  scbedulea  for  these  internal  probe  aultilayer  structures. 

4.2  Maorodcfccta  in  Multilayer  Ceraalcs 

An  initial  study  of  tbe  effects  of  introducing  aacroscopic  defects 
deliberately  into  MLC  structures  by  using  burnable  plastic  inserts  bas  now 
been  completed  by  Dawid  Hardy,  this  work  was  subaitted  for  tbe  M.S.  degree  ia 
Solid  State  Science.  Tbe  title  and  abatract  for  tbe  thesis  are  included  in 
Appendix  9.  In  very  brief  suaaary.  it  was  shown  that  tbe  aaero-woids  which 
were  within  tbe  dielectric  layers  bad  an  effect  on  weak  field  peraittiwity  aad 
loss  which  was  iadistiaguisbabl#  froa  normal  density  defect  due  to  accidental 
aiero-TOids  and  pores.  For  wolds  of  different  shape,  spheres  as  expected 
appear  aost  benign  and  longer  aeicular  wolds  aore  lethal.  An  interesting 
finding  was  that  larger  wolds  induced  at  the  interface  between  electrode  and 
dielectric  deweloped  oonductiwe  surfaoes  during  processing  as  ewidenced  by  an 
enhancement  of  peraittiwity  at  low  field. 

Detailed  interpretation  froa  these  initial  studies  was  difficult  froa 
these  initial  concentration  of  aicro-flaws  in  the  dielectric  and  work  is  now 
in  progress  to  iaprowe  the  processing  and  reduce  this  background  defect  lewel. 

5.0  gBI9M33,QBAEX  AffEQACBES 
5.1  laUrtwtlM 

Ewen  superficial  exaaination  of  the  problems  associated  with  deweloping 
capacitors  of  wary  high  woluaetrio  efficiency  snd  coapact  fora  suggests  that  a 


continuing  trend  nit  be  toward*  thinner  end  nor*  perfect  dielectric  lepers. 
In  VLSI  circnite  the  voltage  levels  ere  now  coning  down  to  ~1  volt  end  even  at 
1  p  thlcknese  of  dielectrio,  the  field  (if  nnifora)  is  only  10*  V/oa.  It  is 
well  known  that  in  aost  dielectric  systeas  (certainly  in  polyaers  and 
eeraaiea)  the  breakdown  field  strength  increases  with  decreasing  thickness 
giving  an  additional  benefit  for  thin  systeas. 

For  conventional  ceraaic  processing,  there  is  clearly  still  anoh  that  can 
be  done,  but  it  is  rather  difficult  to  believe  that  in  any  short  tiae,  the 
conventional  processing  aethods  can  be  iaproved  to  the  point  of  generating 
aicron  or  even  subaieron  filaa.  There  is  thus  a  pressing  need  to  begin  to 
explore  alternative  foraing  techniques  for  very  thin  dielectric  filaa. 

One  aethod  which  is  not  at  all  new  is  that  used  in  the  old  conventional 
single  layer  barrier  layer,  where  a  glass  fritted  electrode  is  used  to  re¬ 
oxidize  the  surface  of  a  sintered  pellet  of  highly  reduced  ferroeleotrie 
dielectric.  In  the  current  single  layer  barrier  layer,  aore  than  95%  of  the 
voluae  is  occupied  by  useless  electrode  which  siaple  acts  as  a  padding 
resistor.  It  was  our  thought  that  the  single  layer  barrier  layer  oould  be 
overfolded  upon  itself  aany  tines,  by  using  a  variation  of  the  Corning  ACE 
prooess  to  aake  aany  closely  spaced  (rough)  large  area  internal  surfaces. 
Potential  advantage*  could  be  the  self  sealing  effeot  of  the  frit  step  which 
would  close  cracks  in  the  body  of  the  part  (now  aostly  conductor)  and  the 
rather  efficient  short  path  between  barrier  layers  in  the  seaiconduoting 
titans ts  which  would  auch  reduce  series  resistance. 

A  second  approach  is  perhaps  aore  radical,  but  also  aore  conventional. 
The  crystals  SbSI  is  a  well  known  uniaxial  ferroelectric  and  has  been  the 
object  of  concentrated  research  for  aany  years,  particularly  in  the  USSR.  The 
reason  for  our  interest  is  the  low  nelting  teaperature  and  high  subliastion 
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rate  ia  vaouua  which  suggest  that  crystalline  filas  of  SbSl  aight  be 
reeoaatracted  upon  substrates  oool  enough  aot  to  destroy  a  fabricated  1C 
device. 

S.2  Sins Is  Barrier  Laver  Multilayers 

A  bariua  titaaate  based  coapositioa  containing  aeodyaiua  oxide  and 
sireonia  was  chosen  for  the  seniconduetiag  ceraaic.  Neodyaiua  functions  as  a 
reducing  agent  to  facilitate  the  reaction  Ti*+  ->  Ti*+  ♦  e~  and  aireoaiua  is 
used  as  a  Curie  point  shifter.  Noraal  tape  casting  vas  used  to  produce  IS  ail 
tapes  for  the  seaiconductor  layers.  Several  aethods  were  tried  to  develop  the 
connected  pore  layers  to  interleave  the  seaiconductor*  the  aost  sueoessful 
incorporated  a  burnable  polyaer  with  a  lover  level  of  seaiconductor  loading  to 
oast  7-8  ail  thick  sheets. 

By  carefnl  regulation  of  the  burnout*  a  suitably  porous  layer  could  be 
interleaved  between  the  seaieondnotor  Monolithic  sheets.  Sintering  vas 
carried  out  in  air  at  1320*C  for  2  hours,  followed  by  a  reduction  treataent  of 
S50*C  ia  (5%  HjjPS*  N2)  gas. 

The  fritted  electrode  was  forced  into  the  porous  layer  using  a  vaouua 
chuck  and  positive  over  pressure.  To  fora  the  barrier,  the  eleotrode  was 
sintered  in  air  at  780* C. 

Initial  dielectric  studies  show  that  an  effective  barrier  structure  can 
be  fabricated  which  will  nsiatsia  low  power  factor  up  to  10*  Hz. 
Capacitance /square  is  slightly  larger  than  a  coaparable  area  disk  aonolayer 
barrier  layer  due  to  the  internal  surface  roughness.  Total  capaoitanoe  soales 
with  the  nuaber  of  internal  layers  ia  precisely  the  aanaer  expected. 

Current  work  is  concerned  with  iaproviag  the  barrier  capaeitaaoe  and 
breakdown  strength  lowering  the  loss  level  by  asking  the  junction  aore  abrupt. 
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Exploring  the  temperature  rariatioa  of  oapaeitanee  to  characterise  the  harrier 
dielectric. 


It  ia  not  intended  to  fabricate  eonnereial  type  layer  structures.  bat 
rather  to  eoapletely  and  convincingly  demonstrate  feasibility  and  some  of  the 
advantages  possible  with  this  strnctmre  so  that  commercial  developers  may  take 
np  the  extensive  work  required  for  commercial  applicability. 


5.3  Snlahor  Iodide  Thin  Films 

SbSI  is  a  uniaxial  f erroeleotric  crystal  with  most  unusual  and 
interesting  dielectric,  piexoelectric.  pyroelectric  and  aeaioondueting 
properties.  For  these  studies,  thin  films  of  SbSI  vers  vacuum  deposited  by 
thermal  evaporation.  A  variety  of  substrates  including  glass,  gold  coated 
glass,  SnOj  coated  glass  and  silicon  have  been  used.  Films  deposited  at  about 
S0*C  shoved  poor  crystallinity  but  subsequent  annealing  either  in  a  closed 
container  or  in  an  iodine  atmosphere  produced  highly  oriented  crystalline 
films.  Needle  shaped  crystallites  of  order  0.2  pm  in  diameter  earn  be 
discerned  in  SEN  microscope  images,  and  both  SEN  and  x-ray  diffraction  studies 
confirm  a  high  degree  of  orientation  normal  to  the  film  surface. 

Dielectric  measurements  shov  a  peak  ia  the  permittivity  near  10*C  with 
relative  permittivity  K  -  470,  giving  an  effective  capacitance  of  0.5  pF/em2 
and  a  loss  factor  less  than  2 %  at  frequencies  down  to  1  kHz. 

The  re-crystallized  films  could  be  poled  under  DC  field  to  exhibit  a 
substantial  pyroelectric  effect  vhich  peaks  near  10*C  confirming  the 
ferroelectrio  character. 
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Current  work  is  concerned  vith  improving  the  reproducibility  of  the 
deposition  prooess  and  the  possibility  of  using  a  heated  substrate  to  permit 
direct  deposition  of  the  crystalline  form  without  subsequent  annealing. 

A  more  detailed  account  of  these  studies  is  given  in  Appendix  10. 
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Extension  of  the  lov  frequency  measuring  range  neiag  the  quasi-static 
constant  voltage  reap  method  haa  teaporarlly  stopped,  pending  the  arrival  of  a 
new  eleotrioal  engineering  fellow  to  take  np  these  stndiea.  York  described  in 
oar  earlier  report  was  eoapleted  and  it  carried  in  published  fora  as  Appendix 
11  to  this  report.  It  is  anticipated  that  the  work  will  be  taken  np  again  in 
July,  19S4,  when  the  foons  will  be  upon  separating  the  reversible  and 
irreversible  eoaponents  of  the  polarisation  in  soft  PZTs. 

Over  the  current  contract  year,  the  high  frequency  liaitations  of  our 
aeasuring  equipaent  have  been  relieved  by  the  acquisition  of  a  Hewlett  Packard 
aicrowave  aeasuring  systea  coaprising  the  8350B  sweep  oscillator,  with  the 
83392A  plug  in,  this  encoapasses  the  range  froa  .01  to  20  OHx.  An  HP  809C 
slotted  line,  coupled  to  the  87S5C  sweep  analyser  and  87S0  storage  noraalixer 
per ait  iapedaaee  aeasureaeats  on  suitable  eoaponents  at  frequencies  up  to  20 
GHx. 

During  the  coning  year,  the  Laboratory  will  receive  the  full  Hewlett 
Packard  8510T  aicrowave  network  analyser,  to  peralt  iapedanee  and  full  a 
paraaeter  aeasureaent  at  frequencies  froa  43  aHs  to  26  QHs.  In  July,  we  shall 
be  joined  by  Dr.  J in-Hun  Kin.  who  is  head  of  the  BB  Department  in  Sogang 
University,  Seoul,  and  an  experienced  aicrowave  engineer. 

Taken  together  with  our  FFT  ultra-long  wavelength  IB  spectroaeter,  the 
Laboratory  begins  to  have  excellent  aeasureaent  capability  over  the  whole 
electromagnetic  speetrua. 

7.0  AWCTIJ.TABT  STUDIES 


Over  the  contract  year,  personnel  whose  aajor  coaaitaent  of  tiae  is  to 
the  Dielectrics  Center  program  have  participated  in  a  number  of  interesting 
subsidiary  projects  relevant  to  the  pyroelectric  behavior  of  ferroeleetrio 
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DEPOLARIZATION  BEHAVIOR  AND  REVERSIBLE  PYROELECTRICITY  IN 
LEAD  SCAND IDU-TAOT ALAIE  CERAMICS  UNDER  DC  BIASES 
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Abstract  The  depolarization  behavior  of  ordered  and  dis¬ 
ordered  lead  scandium-tantalate  (PST)  ceramics  has  been 
studied  by  Byer-Roundy  and  Chynoweth  method.  A  sharp  decrease 
of  the  spontaneous  polarization  takes  place  in  a  narrow  tempera¬ 
ture  range  very  close  to  the  Curie  temperature  Tc  for  the 
ordered  PST  materials.  For  the  disordered  PST  materials,  how¬ 
ever,  the  depolarization  takes  place  within  a  vide  temperature 
range  much  lower  chan  the  temperature  of  maximum  dielectric 
constant  Tm.  Evidence  of  microdomain  activities  has  been 
observed  in  disordered  materials.  The  reversible  pyroelectric 
effect  is  discussed  in  terms  of  the  micro-macro  transition  of 
the  domains  in  disordered  PST  materials. 


INTRODUCTION 

Earlier  studies  have  shown  chat  in  the  lead  scandium-cancalacc 
Pb(Sci/2Tai/2)03  (PST)  single  crystal  and  ceramics  which  are  of 
simple  perovskice  structure,  the  B-site  cations  in  the  ABO 3  structure 
are  close  to  the  boundary  of  order  and  disorder1-.  The  degree  of 
ordering  of  the  B-slce  cations  can  be  controlled  thermally.  The 
quenched  materials  with  disordered  structures  are  relaxor  ferro- 
electrlcs  with  diffuse  phase  transitions,  while  the  well  annealed 
materials  with  ordered  structure  exhibit  "normal”  sharp  first  order 
ferroelectric  transition.  The  dielectric  and  ferroelectric  proper¬ 
ties  of  PST  materials  have  been  reported?, 3.  The  dielectric  and. 
pyroelectric  properties  under  DC  biases  have  also  been  studied4*3. 

A  reversible  pyroelectric  effect  under  DC  bias  in  disordered  PST 
ceramics  has  been  explored. 

In  this  paper,  the  depolarization  behavior  of  order  and  dis¬ 
order  PST  materials  using  both  Byer-Roundy®  and  Chynoweth'  method 
are  given.  The  ordering  of  microdomain  region  is  believed  to  be 
responsible  for  the  reversible  pyroelectricity.  The  microdomain 
activity  in  disordered  PST  ceramics  is  very  similar  to  that  explored 
in  PLZT  ceramics®. 


’’'Visiting  Scientist  from  Shanghai  Institute  of  Ceramics,  Shanghai, 
China. 

**Visiting  Scientist  from  Ilian  Jiaotong  University,  Mian.  China. 
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EXPERIMENTAL  PROCEDURES 
Sample  Preparation 

Samples  used  la  this  work  were  prepared  by  conventional  ailxed 
oxide  processing.  Stoichiometric  proportion  of  PbO,  SC2O3,  1*205 
were  bell  milled  in  alcohol  for  20  hours.  The  mixture  was  dried 
and  precalcined  at  800*C  for  2  hours.  After  reground  and  pelletized, 
the  samples  were  fired  at  1300"C  for  one  hour  using  Pb0+PbZr03  as 
atmosphere  controller.  A  final  sintering  was  performed  at  1360*C 
followed  by  rapid  air  quenching  to  Induce  disorder  structure.  The 
ordering  of  the  B-slte  ions  was  achieved  by  thermal  annealing  at 
1000*C  for  24  hours.  The  degrees  of  ordering,  S,  for  quenched  and 
annealed  samples  are  0.40  and  0.87  respectively.  The  final  density 
achieved  was  942  theoretical  with  less  chan  32  weight  loss. 

The  samples  used  la  depolarization  studies  were  0.2-0. 3  mm 
chick  with  sputtered  gold  electrode.  The  samples  were  heated  to 
150*C  at  first  chan  poled  at  30*C,  20  kV/cm  for  10  min.  and  cooled 
under  electric  field  down  to  -70*C.  The  temperature  of  dielectric 
constant  peaks  of  disordered  and  ordered  PST  ceramics  are  1.9®C  and 
17*C  at  1  KHz  respectively. 

Depolarization  Measurements 

For  the  modified  Byer-Rouady  method,  the  sample  in  series  with 
a  bias  voltage  supply  was  connected  to  a  picoammecer  HP  4140B.  The 
sample  was  heated  la  a  temperature  chamber.  Delta  2300.  Linear 
temperature  ramping  with  specified  ramping  race  dT/dc  can  be 
achieved  under  computer  control  using  the  H?  9825A  desktop  computer. 
Pyroelectric  coefficient,  which  is  proportional  to  the  thermal 
current,  can  be  measured  directly.  The  depolarization  curve  can  be  . 
obtained  by  integration  of  the  thermal  current  with  respect  to  time. 

A  modified  Chynowech  method  has  bean  used  in  this  work.  The 
sample  in  series  with  a  bias  voltage  supply  was  connected  to  a  phase 
lock  amplifier  model  PAR  HR-8  through  a  preamplifier  and  a  blocking 
capacitor.  The  sample  was  heated  by  a  chopped  light  beam  with  chop¬ 
ping  frequency^ around  S.S  Hz.  The  pyroelectric  signal,  which  can 
be  read  from  the  output  voltmeter  of  the  phase-lock  amplifier,  is 
proportional  to  p/KCp,  here  p~  pyroelectric  coefficient,  K— 
dielectric  constant,  C? —  specific  heat  of  the  sample. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  1  and  2  are  the  pyroelectric  coefficients  and  depolari¬ 
zation  curves  of  the  ordered  and  disordered  ?ST  materials  under 
different  bias  fields  using  the  3yer-Roundy  method.  Although  the 
spontaneous  polarization  of  the  ordered  and  disordered  samples  are 
the  same,  the  depolarization  behaviors  are  quite  different,  "or 
the  ordered  sample,  a  sharp  decrease  of  spontaneous  polarization 
takes  place  in  a  narrow  temperature  range  very  close  to  the  Curie 
temperature  Tc  (17*0  at  zero  bias  field.  Higher  bias  field 
shifts  the  transition  toward  higher  temperature.  However,  the 
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Figure  1.  Pyroelectric  coefficient  (a)  and  depolarization 
curve  (b)  of  ordered  PST  ceramics. 

shape  of  the  depolarization  curve  has  no  significant  change.  A 
first  order  transition  for  the  ordered  material  is  quite  evident. 
For  the  disordered  materials,  the  depolarization  takes  place  in  a 
vide  temperature  range  much  lover  than  the  temperature  of  maximum 
dielectric  constant  Tn  (1.9*0  at  zero  bias  field.  Higher  bias 
field  also  pushes  the  depolarization  toward  higher  temperature 
range.  However,  a  sharp  decrease  of  the  spontaneous  polarization 
and  an  elongated  tail  section  of  the  depolarization  curve  under 
bias  field  are  quite  evident.  The  effect  of  the  bias  field  is  more 
evident  on  the  temperature  dependence  of  the  pyroelectric  coeffi¬ 
cient  as  shown  in  Figure  2(a).  Under  zero  bias  field  a  concealed 
terrace  is  clearly  shown  in  the  low  temperature  region  of  the  pyro¬ 
electric  coefficient  curve.  Under  small  DC  bias  field,  the  con¬ 
cealed  terrace  disappears,  the  temperature  dependences  of  the  pyro¬ 
electric  coefficient  become  more  "normal".  In  this  respect,  we  can 
assume  that  a  DC  bias  drives  a  diffused  phase  transition  of  a 
relaxor  ferroelectric  toward  a  normal  first  order  transition. 


Figure  2.  Pyroelectric  coefficient  (a)  and  depolarization 
curve  (b)  of  disordered  ?ST  ceramics. 
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The  depolarization  curves  or  ordered  and  disordered  PST 
materials  taken  from  Chynoweth  method  also  exhibit  the  same 
characteristic,  as  shown  in  Figures  3  and  4.  A  very  sharp  decrease 
of  the  pyroslgnal  is  clearly  shown  in  Figure  3  for  the  ordered 
materials,  while  a  rather  wide  temperature  range  of  the  decreasing 
of  the  pyroslgnal  is  observed  in  Figure  4  for  the  disordered  sample. 


Figure  3.  Pyroslgnal  of 
ordered  PST 
ceramics  (arbi¬ 
trary  scale). 


rtMP.ra 

Figure  4.  Pyroslgnal  of  dis¬ 
ordered  PST  ceramics 
(arbitrary  scale) . 


A  smooch  and  gentle  decrease  of  the  spontaneous  polarization 
with  respect  to  temperature  change  in  the  depolarization  curve  of 
a  relaxor  ferroelectric  is  very  important  for  the  reversible  pyro¬ 
electric  effect.  It  is  in  this  temperature  region  chat  the  highest 
enhancement  of  pyroelectric  signal  of  disordered  PST  has  been 
observed^. 

The  detailed  mechanism  of  the  reversible  pyroelectricity  is 
still  not  yet  known,  however,  it  is  believed  chat  the  aicrodomaln 
activity  is  of  vital  importance. 

In  our  early  works,  the  evidence  of  mlcrodomain  activities  in 
PLZT  ceramics  has  been  given^.  The  depolarization  behavior  of 
disordered  PST  materials  also  presents  apparent  trace  of  the  micro- 
domain  activities.  The  splitting  of  highly  polarized  macrodomalns 
into  random  oriented  microdomains  may  be  responsible  for  the  smooth 
decreasing  of  the  polarization  and  the  appearance  of  the  high 
terrace  of  the  pyroelectric  coefficient  at  zero  bias  field  in 
Figure  2.  A  small  DC  bias  field  drives  the  random  oriented  micro- 
domains  into  highly  polarized  metastable  macrodomains  keeping  the 
material  in  high  polarization  level.  The  DC  bias  also  plays  as  a 
restoring  force  of  the  polarization  during  temperature  fluctuation. 
Therefore,  a  high  enhancement  of  pyroslgnal  accompanied  with 
reversible  effect  results. 

The  kinetics  of  the  micro-macro  transition  of  the  domains  in 
relaxor  ferroelectrics  is  another  critical  point  for  the  reversible 
pyroelectric  effect.  In  disordered  ?S7  materials,  the  micro-macro 
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transition  is  fast  enough  to  respond  to  a  temperature  fluctuation 
of  S.5  Hz  (about  200  mS),  while  under  the  sane  condition  no  rever¬ 
sible  ferroelectric  effect  has  been  observed  in  PLZT  ceramics  with 
composition  8:65:35.  The  experimental  results  on  the  Icinetic 
behavior  of  the  micro-macro  transition  in  PLZTs®  show  that  the 
transition  is  much  slower  than  that  of  PST  materials.  An  interest¬ 
ing  question  is  how  fast  the  micro-macro  transition  can  respond  to 
the  temperature  fluctuation.  A  detailed  study  on  the  kinetic 
behavior  of  the  micro-macro  transition  of  domains  is  now  still 
continuing. 

SUMMARY 

The  depolarization  of  ordered  PST  materials  takes  place  in  a 
narrow  temperature  range  close  to  its  Curie  temperature,  while  for 
the  disordered  materials  the  depolarization  takes  place  in  a  wide 
temperature  range  much  lower  than  the  temperature  of  maximum 
dielectric  constant. 

Evidence  of  microdomain  activity  has  been  observed  in  dis¬ 
ordered  PST  materials.  The  micro-macro  transition  of  domains  in 
relaxor  ferroelec tries  is  believed  to  be  responsible  for  the 
reversible  pyroelectric  effect. 
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ttimet— It  has  bann  ikaw  thtc  quenched  W(Sc, /2X*1/2)0,  (PST)  disordered  ser- 
til  end  crystals  a  how  diffuse  dispersive  dielectric  properties,  while  wall 
rr"*~T  ordered  aeterlals  exhibit  normal  sharp  first  ardor  eraaslcloB.  Tha 
pyroelectric  depolarisation  aaasamraes  eskoa  us  lag  a  Hewlett  Packard  Modal  41«0B 
plaoa— atar/PC  Soorea  aodar  computer  eoaerollad  hoatlag  cycle  also  haw*  shown 
dlffaraoc  behaviors  be ewe  an  disordered  sad  ordered  aacarlals. 

Za  this  work  pyraalactrlc  aoao*r senate  by  Chynowacfa  aaehod  under  OC  bias  up 
co  1.1  KP/aa  alchla  a  t  sap  ere  wire  range  of  70*C  around  eh*  eaaparacura  of  aaartaws 
dielectric  constant  have  baaa  studied.  A  vary  significant  aahaacaaaae  of  eha 
pyroelaccrla  «<g"*1  under  DC  bias  is  observed  la  eh  anally  guaachad  disordered 
senplas  The  lactase  aahaacaaaae  of  eha  signal  appears  at  caaperacures  sea* 
digrirr  balsa  eha  tapman  of  asarlawa  dielectric  coascaae. 

Tha  arise aaca  of  alerodoaalaa  la  dlaordarad  aaearlals  Is  believed  co  b* 
rasp  ana  ible  for  ehls  see  extrinsic  eo^ssaac  of  reversible  pyroelectricity. 

Tha  largo  reversible  pyroelectric  efface  is  a  proalslag  phanoaaaon  for 
developing  aaa  pyroelectric  devices. 


1.  OOTQOOCrZOB 

Xa  PST  slagla  crystals  and  ear sales  which  arc  af  eiapla  parovskica  eeruccura  eha 
mm  earl  an  af  b-eite  cations  la  eh*  ABO3  structure  la  else*  to  eha  boundary  between 
order  end  disorder1.  The  degree  of  ordering  of  the  different  S-eiee  cations  la 
these  aacarlala  eaa  be  coecroUed  ehenally.  Qu  sacked  dlsor dared  crystals  and  car* 
-<««  show  diffuse  dispersive  dielectric  properties,  while  wall  aaaenlad  ordered 

exhibit  "noxBol"  sharp  first  ardar  farraalaccrlc  eraasieloa.  Tha  influences 
af  eha  ordering  epoa  the  dielec eric,  ferroelectric  aad  elascoeleccrlc  proportloo  of 
PST  sacorlals  have  boon  reported2*3.  The  effects  of  DC  blao  upon  eho  dielectric 
proporcloo  of  ordered  sad  disordered  PST  eorsaics  have  alas  baaa  explored**. 

Pyroolaccrls  depolarisation  seudlaa  showed  thee  eho  polarisation  of  disordered 
ssaplos  dropo  down  aero  s—ochly,  while  ordered  snplos  dapolarisa  abtupely  within 
eho  eraaaieloa  region2.  In  ehls  work  pyroelectric  Measures  on  cj  by  Chyaowoch  Method5 
under  DC  hiss  «p  to  l.S  KP/n  within  a  c  sop  erasure  raaga  of  70*C  around  eho  eaagMra- 
earo  of  aaaiaoa  dielectric  eons  teat  have  boaa  acudlad. 
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••Visiting  scientist  froa  Xian  Jiao tong  ffaivcrsiey,  Xian,  China. 


2.1  Preparation  of  Materials 

I 

All  l ill—  war*  prepared  by  eotrran  clonal  alxsd  arid*  procaaa ln(  f roa  acolchlo- 
■acrlc  proportion  of  no,  ScgOj,  Ta^Oj  and  Sb.O.,  Coupas 1 cions  wart  ball  aillad  la 
aloafaol  far  20  haors.  The  mixture  waa  drlad,  than  for  two  hours  ae  M0*C. 

The  aalalaa  powders  war*  r  aground  and  palletised.  Than  eh*  pallacs  war*  fir  ad  ae 
1300*C  for  ana  hour,  using  FbZrOj  +  fbO  for  acnoephara  control,  a  final  elacerlag 
waa  parfocnad  ae  13d0*e  followed  by  rapid  guaaahlag  to  laduca  eha  dlaordarad  teruc- 
eura.  Th*  dagraa  of  ordarlag  la  eha  b-aita  eadoaa  war*  eoaerollad  by  charual  anaaal- 
lag  eha  aaapla  ae  1000*0.  Flaal  danalelaa  aehlawad  ware  HZ  theoretical,  with  no  aore 
ehaa  3X  weight  loan. 

tha  degree  of  ordarlag  waa  aaeahllahad  by  eonparlag  baa*  aad  auparlaeelea  raflac- 
elon  lacaaaley  In  eha  a-ray  powder  pattern  aad  ualag  eha  ralaelea  for  eha  degree  ef 
ordarlag  S 

Tha  dagraaa  af  ordarlag  era  0.27  far  eha  sea* lea  annealed  ae  1000*0  far  24  hour*  and 
0.44  for  eha  tm plan  gwanahad  ae  UfO'fi  eo  non  eanporseura  wlchin  20  nlaueoo. 

2.2  fyroaioecrle  Woaourononea  by  Chynowaeh  Machod 

Tho  pyro-algnala  ware  aaaourad  by  a  nodlflad  Chynowaeh  noehod.  The  aehanacle 
circuit  for  nonounnanCa  la  shown  In  Figure  1.  Tha  aerlaa  circuit  cons  lata  of  a  bias 
mltaga  supply,  eha  aaapla,  sad  a  high  resistance  (10*0)  acroaa  which  a  pre-aaplifier 
waa  coanactad  win  a  blacking  capacitor  (0.01  uf) .  The  output  of  eha  prwanpllflar  waa 
ecanaccad  to  a  phaoo-loek  anpllflar  nodal  Ml  n-l.  Tha  aagalcuda  of  the  pyroolgnal 
can  ha  read  fron  tha  ouepue  walenacar  of  eh*  phaae-loah  anpllflar.  A  Tektronix  345a 
cached*  ray  oaclllaacep*  waa  uaad  to  aonlear  eha  war*  form  af  eh*  pyraalgaal.  A  dlak 
radiation  chopper  waa  uaad  ea  control  eha  hooting  fraguaaey  of  eha  detector  so  aa  eo 
bo  elooo  eo  eha  charge  aodo  of  oparaelon.  In  ehls  node  eha  pyroelectric  signal  ac 
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FTC0XK  1.  Schauacic  dlagrsn  of  aaeauranane.  S  -  sanplo;  7  -  bias  lourea;  740  - 
pra-aunllftar;  t  -  charging  twitch. 
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-fined  (nswacf  la  proportion*!  to  p/KCp,  boro  p  -  pyroelectric  coefficient,  K  - 
dielectric  eaaotaac,  Cp  -  specific  boat  of  ebo  soap  1.*. 

Sa  *U  cho  npadanti  of  cbla  rock  ebo  VST  soaplas  vara  about  0.23  ro  la 
cblekaooo.  Circular  polk  electrodes  wra  spuctored  on  eo  oppoolea  facoa  of  ebo 
oanpla*.  ebo  jlrocw  of  ebo  electrode  raa  about  3  ro.  Thla  illvar  load*  vara 
attached  eo  ebo  fold  alocerodoo  bp  oooao  of  sir-drpiat  allvar  pasta.  Aa  infrared 
projector  leap  was  rood  as  ebo  bone  sourea  eo  nodal aeo  ebo  ssnple  eanperaeura.  a 
Dole*  deslga  M  2300  aavlroroene  chrobor  was  used  eo  change  ebo  anbloae  eroporacura 
about  the  bolorocar  chip . 

Flpuro  2  shorn  eha  pyro-slpoal  aoaaurad  bp  Chpaoroch  roebod  for  eh*  dlaorderad 
aad  ordered  VST  eeraalc  aanplaa  ulehoue  electric  blao.  The  eanperacure  chape  of  naa- 
aurroaot  is  70*C  around  ebo  eenperature  of  ebo  dlolecerlc  eoascaae  aaalaun  T«  ohleh 
‘la  l.S*C  for  ehe  disordered  VST  eerrole  <rol*>  aad  is  17*C  for  cho  ordsred  oao 
(Vlpure  3).  St  Is  obvious  from  the  fipures  that  the  ppro-elgnal  tor  ordared  sanpl** 
la  nucb  larpor  than  that  far  eha  dlaordarad  raa.  The  pprselacerlc  slpaal  as  a  func¬ 
tion  of  bias  fisld  at  various  tanpora cures  la  shoro  la  Vlpurs  4.  tf  accurate  absolute 
pprooloccrlc  eoufflclrato  ware  needed,  the  ppro-alpaala  would  hove  eo  bo  cometod 
for  ehe  reaper* Cura  variation  of  specific  heat  aad  eha  aon-llaaarlcp  departure  of  eho 
recelflors  or  snail  slpaal.  These  corrections  vert  Me  perfened  tines  snip  relative 
rognltudee  are  eo  be  need  aad  ehne  chop  would  sot  affect  aap  of  the  Interpretations 
aad  conclusions,  tc  la  clear  that  as  eha  bias  fisld  lacrosses  ehe  pproelnctrle 
slpaal  of  eha  disordered  VST  oanpla  lacrosses  sera  slpslfleanclp  than  ehe  ordered 
one.  To  conpora  eha  efface  of  electric  bloo  field  on  ehe  disordered  aad  ordared 
ascertain  eho  subset anew  c  factor  Sy,  which  la  referred  to  aa  eho  ratio  of  eh*  ppra- 
alpaal  under  a  DC  bias  of  1.3  KV/ro  aad  the  ppro-elpaal  under  e  DC  bias  of  0.1  K7/aa, 
la  ploceod  as  a  function  of  eh*  eoaparacur*  difference  T-T«  (Vlpure  3).  The  follow 
lap  feature  of  eho  eaperlsMacal  results  are  obvious  i  (1)  Thu  aahaaeauuae  factor  of 
too  ppro-elpaal  under  DC  bias  for  the  dlaordarad  aaeerlel  to  hither  than  that  for 
the  ordered  ouo  olehla  the  whole  eanperaeura  nape  of  neaauranaau.  (2)  The  hlphoot 
tnhenrenenr  factor  occurs  sc  cho  tsnperacwros  different  frra  ta.  for  eho  disordered 
aonplo  the  hlphoot  rohracenoot  factor  appears  at  ehe  eanperacure  ebouc  21*C  below  Ta, 
while  far  eho  ordared  oanple  It  appears  at  eha  eanperacure  about  3*C  above  Ta. 

la  cost  rase  with  ehe  results  for  ehe  VST  ssnploo.  ehe  electric  bias  fluid  shows 
no  significant  efface  ra  USbOj  staple  crpseals  ae  23*C  (Vlpure  6). 


neon  2.  The  eanperaeura  dependence  of  pproelacerlc  signal  of  the  dlaerdertd  (a) 
aad  ordarad  (b)  car  sales. 
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neon  3.  ft*  eaoparaciue  depend anca  of  dielectric  eouuat  K  and  Lou  eugwe  0  of 
eta  disordered  (•)  and  ordered  ft)  PST  ear  arnica. 


3.  OXSCBSSXM 


ft*  Utrimtil  results  presented  abm  abow  that  eha  DC  blu  hu  a  — ;H  strossar 
affuc  upas  tbm  pyroelectric  behavior  of  diaordared  PST  carafe  uaplu  than  ebo 
ordarad  ma.  A*  anhanruanc  factor  of  32  for  eh*  diaordarad  PST  s*apla  vu  oburvod 

ud«r  «  btu  flald  of  1.3  Vt/wm,  while  for  cbo  ordarad  ona  eba  Hi  (hue  — - - 

******  **  ®*^T  *****  tba  pyr^aipaal  uasured  la  ehia  work  is  proportional  eo  eba  * 

raaiprusl  of  eha  dlalacerle  cossesae  K.  eba  deereaaia*  of  K  with  raapace  eo  DC  biu 
*****  for  ch"  ordarad  and  diaordarad  PST4  should  bo  pareially  raapaoaibia  for  eba 
*■**■**■■■*  **  **•  py  i  **-*1*0*1  uadar  DC  blaaaa.  Severer,  eba  ratio  of  eba  dial  acetic 
com  cuts  uadar  DC  btasu  of  0.1  C7/«  sod  1.3  S7/u  u  i„,  eba*  3  within  eba  astir- 
****•*****?.  r«*S«  of  eba  aaaauraaase4.  te  would  sppaar  that  a  naw  astriasie  coapoauc 
of  rawaiaikla  pyroelectricity  iaduead  by  OC  biu  oust  bo  raa possible  for  eba  wary  slc- 
alflauc  anhaairuue  of  eba  pyro-sl«aal  of  eba  diurdarad  PST  earulca  uadar  DC  biu. 
ft*  asdseaua  of  aAcrodaaaiu  la  ralaxor  farroelec erics  is  eba  euparscure  ratios  lower 
ebu  eba  euparaeura  of  eba  dial ac trie  aasriana  T*  is  sussasead  eo  b*  eh*  orlsia  of 
ebis  aa<  astriule  eooposue  of  eba  rawarsibla  pyroalaetriciey.  ’Jadar  dc  biu  fields. 
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The  pyroelectric  signal  aa  a  toneclon  of  bias  field  at  various  ea 
cure*  ter  cha  disordered  (a)  sad  ordered  (b)  PST  ear sales. 
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ordered  aad  ardarad  PST 
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Tha  pyrocloccrte  signal  aa  a 
function  of  hi aa  field  for  USbO^ 
single  crystals. 


cha  large  dlpola  aoaanta  of  tha  alcrodonalaa,  which  arc  orlaacad  la  a  raadoa  way,  will 
experience  strong  orienting  forea  and  build  up  laeo  aacrodoaalaa.  Sicca  disordering 
of  cha  niero  raglana  la  a  ehernaUaatlon  procaaa,  aaall  rawaraihlo  eaaperaeure  change 
can  nodal aca  cha  acaco  of  alcrodoaala  order  aad  ehoa  eoncrlbuca  a  sow  ax erica lc  com¬ 
ponent  co  cha  eanperacura  dopandanea  of  cha  Induced  polarliaclea.  la  dlaordarad  ?ST 
aacarlal.  cha  direct  aaaouranenc  of  eha  pyroaloccrle  coafflclaac  by  Syer-aoundy*  tech¬ 
nique  ahead  ehac  cha  pyraalacerle  coefficient  peak  appears  ac  -J7*C  (Plgura  7a) ,  which 
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neon  7.  The  CMftncun  4*f«adnei  of 
pyroelaccrle  coefficient  of 
clM  disordered  («)  sad  ordered 
(%)  NT  eeraalcs. 


Id  39  degrees  below  t,  (1.9*0.  The 
reapers cure  region  (roe  -37*C  eo 
l.9*C(  odileh  Is  supposed  eo  bo  the  most 
«*ln  cooper  a  cure  region  of  aiero- 
dnmatna,  la  well  coincident  with  Che 
(■pvtturi  region  of  Isrt*  eahsacwenc 
of  eho  pyro-#ignal  for  eho  disordered 
W  Maple,  white  for  Che  ordered  PST 
eseerlsl  ehe  pyroelecerlc  coefflcieac 
peek  la  14*C  (Tl|»»r*  7b) ,  which  la  only 
three  decrees  below  T,  (17*0 .  Since 
eke  ordered  PST  eacarlal  exhibits  sore 
or  less  Boreal  farroeleeericley,  no 
significant  elcrodoaala  activity  eon  be 
eraeed.  The  face  choc  only  a  factor  of 
fire  of  ehe  larieac  oak — t — nri  of 
pyre-algnal  ae  ehe  eaBperacure  fire 
de«raea  higher  ehan  T_  haa  been  opaesvad 
la  ordered  PST  aaaplae.  —  ehac  ehe 
K  bias  can  only  induce  a  racher  anaU 
dlaplacive  polarlaaelon  la  eha  ahaence 
of  ehe  alcrodoealna . 

The  large  and  flald-concrollabla 
reweralkla  pyroelecerlc  efface  la  a 
premia  lag  phenomenon  for  developing 
now  pyroelecerlc  devices. 
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Polarization  and  depolarization  behavior  of  hot  pressed 
lead  lanthanum  zirconate  tltanate  ceramics 
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A  detailed  study  of  the  polarization  and  depolarization  behavior  of  7:65:33  and  8:65:33  lead 
lathanum  zirconate  titanatc  transparent  ceramics  under  dc  bias  and  constant  heating  rates  has 
been  carried  out.  The  dielectric  permittivity  exhibits  a  new  anomaly  near  O'Cin  freshly  thermally 
depoled  samples  which  is  associated  with  a  buildup  of  macrodomains  and  the  development  of  a 
remanent  polarization.  From  continuity  of  the  dispersive  behaviors  it  is  suggested  that  the 
dielectric  change  at  the  so-called  transition  T4  is  not  a  conventional  phase  change,  but  rather 

is  a  loss  of  macro-ordering  and  a  decay  back  to  a  disordered  microdomain  texture. 

FACS  numbers:  77.60.  +■  v 


L  INTRODUCTION 

Hie  thermal  depolarization  behavior  of  electrically 
poled  lead  lanthanum  zirconate  titanatc  (PLZT)  ceramics 
with  compositions  in  the  range  of  PbZr^TiajjO,  with 
LajO)  additions  of  6-,  7-,  and  S-molc46  La,0,  have  been  of 
interest  for  the  behavior  of  the  pyroelectric  current,  dielec- 
trie  response,  and  electro-optic  characteristics. 1-3  It  was 
dear  from  the  early  studies  of  Keve4  that  depolarization  of  a 
short-circuited  PLZT  of  composition  7:63:35  occurs  at  a 
temperature  well  below  that  of  the  dielectric  permittivity 
maximum.  Dielectric  data  of  Salanek1  suggest  that  the  K' 
maximum  is  strongly  dispersive  as  in  ferrodectrics  with  dif¬ 
fuse  phase  transitions  (reiaxon).  More  recent  measurements 
by  lUmura,  Ncwnham.  and  Cross*  of  the  elastic  shape  mem¬ 
ory  eflhct  suggest  that  the  shape  changing  fcrrodastic  ma¬ 
crodomains  are  lost  in  these  ceramics  at  the  lower  depoling 
temperature. 

The  present  study  was  undertaken  to  explore  more  ftiUy 
both  the  poling  and  depoling  characteristics  of  transparent 
hot  pressed  PLZTs  of  7:63:35  and  8:65:35  composition. 
Dam  presented  here  are  for  the  3:65:35  composition;  how¬ 
ever.  the  7:63:35  material  gives  qualitatively  similar  results 
in  every  respect.  To  avoid,  as  for  as  possible,  domain  stabili¬ 
zation  of  the  type  demonstrated  by  Schulze.  Biggers,  and 
Cross.7  all  measurements  were  made  on  annealed  and  fresh¬ 
ly  thermally  quenched  samples. 

IL  SAMPLE  PREPARATION 

Ceramics  used  in  these  studies  were  originally  prepared 
at  the  Shanghai  Institute  of  Ceramics  in  China.  The  designa¬ 
tions  7:65:35  and  8:63:35  indicate  in  the  conventional  man¬ 
ner  a  nrcortiantama  ratio  of  65:35  mole96  and  a  substitu¬ 
tion  of  7  and  3  moie96  of  La-0,  for  PbO.  The  samples  were 
prepared  from  reagent  grade  nitrate  salts  of  lanthanum  and 
zirconium  sad  reagent  grade  T1C1,.  The  salts  were  dissolved 
in  distilled  water  and  the  solutions  mixed  in  the  desired  pro¬ 
portions.  Mixed  solutions  were  then  coprecipitated  by  addi- 


"VteMf  MMMUt  hem  Xiae JiaMMg  University,  Xian.  China 
"Vteoaf  sewast  from  Sfeaefhai  Imamu  of  Ceramics  Shanfhai.  China. 


tion  of  ammonia  to  maintain  a  pH  value  of  8.  After  thorough 
washing  to  remove  NOf  and  Q~  ions,  the  precipitates  were 
spray  dried  at  high  temperatures.  Reagent  grade  PbO  pow¬ 
der  in  1096  excess  of  the  required  stoichiometric  proportion 
was  then  added  and  the  powders  bail  milled  in  polyethylene 
lined  jars  in  acetone  for  6  h.  The  slurry  was  again  dried  and 
cold  pressed  slugs  of  suitable  dimensions  were  hot  pressed  in 
an  O,  atmosphere  at  1150  *C  for  16  h  under  a  uniaxial  stress 
of  200  kg/cm2. 

Bottles  of  near  theoretical  density,  high  transparency, 
and  a  mean  grain  size  of  2  ftm  resulted. 

III.  EXPERIMENTAL  PROCEDURE 

Samples  of  PLZT  were  cut  with  a  string  saw  and  then 
ground  to  the  thickness  used  for  dielectric  measurements, 
generally  0.1  to  0.2  mm.  Electrodes  used  were  sputtered 
gold.  The  diameter  of  the  eiectrodcd  area  was  around  5  mm. 
Samples  were  annealed  at  600  *C  for  1  h  and  then  followed 
by  slow  cooling. 

The  dielectric  properties  of  PLZT  were  measured  by  a 
computerized  automatic  measuring  system  with  Hewlett- 
Packard’s  new  generation  of  microprocessor-based  equip¬ 
ment.  The  biased  temperature  dependence  of  dielectric  con¬ 
stant  and  loss  tangent  were  measured  by  a  multifrequency 
LCR  meter,  HP  4274 A  and  4275 A  in  the  frequency  range  of 
10M07  Hz,  with  basic  accuracy  of  0.191.  The  biased  pyro¬ 
electric  currents  were  measured  with  the  HP  4 1408  pi  coam¬ 
pere  meter.  A  Delta  Design  model  2300  environment 
chamber  covered  the  temperature  range  from  —  150  to 
200  *C,  using  liquid  nitrogen  as  a  coolant.  Temperatures 
were  measured  with  a  Fluke  3502A  digital  multimeter  via  a 
platinum  resistance  thermometer  mounting  directly  on  the 
ground  electrode  of  the  sample  fixture.  A  HP  9825 A  desktop 
computer  was  used  for  on-line  control  of  automatic  mea¬ 
surement  through  a  HP  6904B  multiprogrammer  interface. 
All  the  data  were  recorded  on  flexible  magnetic  discs.  Spe¬ 
cial  software  was  developed  for  automatic  measurement. 
Linear  temperature  change  with  specifled  rates  was  easily 
achieved.  The  reproducibility  of  measurements  was  excel¬ 
lent. 


.All  the  measurements  were  made  on  freshly  thermally 


no.  t.  Temperature  dependence  of  dielectric  content  of  PLZT  Sr63:33 
under  debies  of  3  kV/ca  at  beating  nee  of  3  *C/mia. 

depoled  samples.  Samples  were  heated  above  150  *C  then 
cooled  down  below  —  75  *C.  Bias  was  applied  at  —  75  *C 
and  then  the  sample  reheated  from  this  temperature. 

IV.  EXPERIMENTAL  RESULTS 

The  temperature  dependence  of  the  weak  field  dielec¬ 
tric  permittivity’  at  several  frequencies  applied  to  an  3:65:35 
PLZT  ceramic  under  a  dc  bias  of  3-kV/cm  applied  at 
—  75  X  and  measured  on  slow  heating  (3  *C/min)  is  shown 
in  Fig.  1.  The  peak  labeled  Tf  observed  near  0  *C  is  a  new 
phenomenon  heretofore  unobserved  in  this  system,  and  ap¬ 
pears  to  divide  the  response  into  four  distinct  regions.  There 


PIO.  2.  Temperature  dependence  of  dielectric  coni  urn  of  PLZT  3:63:33  >ai 
without  and  IM  under  dc  buu  of  3  kV/ctn  ax  cooling  raw  of  3  'C/min. 


PIO.  3.  Temperature  dcpwdcncu  of  la  dielectric  eonrauu  AT  and  <b*  did ee- 
frtcimWi—  1/ AT  of  PLZT  l:63-.J3uiidu  different  bice  add  etconetant  heat- 


is  a  dispersive  region  below  Tf  (1),  a  largely  nondispersive 
region  between  Tf  and  T4 ,  a  temperature  often  referred  to  as 
th »a~0  phase  change  (2),  a  second  dispersive  region  between 
r<  and  Tm  the  temperature  of  the  dielectric  maximum  i3l, 
and  a  second  nondispersive  region  above  Tm  14). 

In  a  sample  cooled  without  bias  from  above  Tm ,  regions 
(!)  and  (3)  cojoin  filling  the  whole  temperature  range  below 
Tm  and  appear  to  be  of  completely  similar  property  [Fig. 
2(a)].  On  cooling  under  dc  bias,  however,  Td  is  reproduced. 


PIG.  *•  Linear  relation  between  lojanthm  of  bias  3eid  In  £  ina  rtctprccai 
of  cranstoon  temperature  1/7V 
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but  region  (2)  now  persists  down  to  the  lowest  temperatures 
measured  and  region  (1)  is  lost  [Fig.  2(b)]. 

At  a  constant  heating  rate  Tr  shifts  to  a  lower  tempera* 
rare  with  increasing  bias  [Fig.  3(a)]  the  “transition’*  being 
most  obvious  in  the  dielectric  stiffness  [Fig.  3(b)].  It  would 
appear  that  the  product  kTf  In  £  is  approximately  constant 
over  the  field  range  studied  (Fig.  4).  &  is  an  arbitrary  con¬ 
stant. 

For  field  below  1  kV/cm  no  Tf  peak  was  observed,  but 
at  intermediate  field  levels  it  was  clear  that  the  temperature 
Tf  depends  on  the  heating  rate,  increasing  with  faster  heat¬ 
ing,  but  being  difficult  to  observe  for  rates  above  5  ’C/min 
'(Fig.  3). 


FIG  4.  Tb*  buildup  and  decay  of  i«i  the  mnaacnt  polarization  andibiuao- 
cmed  etsarpaf  diacl»arpn|  currant  ofPLZT  8:63:33  umtar  dc  btaa  of  3 
kV/em  at  constant  heatinf  rata. 


FIG.  ?.  The  boildap  aad  dacay  of  fai  the  raanaaM  polafiaatiaii  and  lb)  asso¬ 
ciated  cfcariiaf  aad  dbcharpaf  camot  of  PLZT  fcA5J9  under  dc  bias  of  3 
kV/aw  at  pennant  haadat  rate. 


Prepoled  samples 'do  not  exhibit  the  Tr  peak  and  in  no 
sample  could  we  detect  this  change  on  cooling  from  high 
temperature.  A  necessary  preconditioning  is  that  the  sample 
be  cooled  in  an  unpoled  state  and  the  field  applied  at  low 
temperature. 

Aging  the  sample  at  temperatures  below  Tm  appears  to 
preferentially  reduce  the  dispersive  component  of  K  (Ref.  7) 
and  for  such  samples  the  peak  at  Tr  was  smeared.  In  long 
aging  at  low  temperature  the  Tf  peak  was  often  to  the  point 
where  the  change  was  difficult  to  discern  at  alL 

That  the  dielectric  changes  are  associated  with  the 
buildup  and  decay  of  marcropolarization  has  been  con¬ 
firmed  by  pyroelectric  measurements  using  the  Byer- 
Rouodey*  technique. 

The  remanent  polarization  builds  up  rapidly  in  the  vi¬ 
cinity  of  Tf  for  a  sample  heated  from  the  depoled  condition 
under  a  field  of  3  kV/cm  [Fig.  6(a)]  and  the  charging  current 
associated  with  this  buildup  is  evident  in  the  current  curve  in 
Fig.  6(b)  and  is  in  sharp  contrast  to  the  depoling  current  peak 
at  T4.  Similar  curves  for  a  larger  field  of  5  kV/cm  [Ftp.  7(ai 
and  7(b)]  confirm  the  dielectric  trends  for  Tf  and  Tt. 

The  asymmetry  on  cooling  is  clearly  evident  in  Ftp. 
S(a)  and  3(b)  which  show  that  once  the  macropoiar.zed  state 
is  established  it  does  not  decay  again  on  cooiing.  Thus,  only 
the  poling  current  peak  is  evident  in  Fig.  Stbi. 

For  a  3-kV/cm  field  the  behavior  of  prepoled  and  de- 
poled  samples  is  contrasted  directly  in  Ftg.  9. 


V.  DISCUSSION 

The  evidence  presented  above  suggests  strongly  chat 
neither  Tf  nor  Tt  are  associated  with  conventional  phase 
changes  in  the  dielectric  The  dispersive  character  below  Tm 
in  the  virgin  state  is  similar  to  that  observed  in  many  rdazor 
fcrrodcctrics  and  is  attributed  to  heterophase  micro  regions 
which  are  disordered  in  the  thermally  depoled  state  Since 
these  “domains'*  are  on  a  scale  much  smaller  the  x-ray 

coherence  length  or  the  wavelength  of  light,  the  structure 
appears  cubic  below  Tm  to  most  macroscopic  tests. 

Under  bias  fields,  the  large  dipole  moments  of  the  mi* 
crodomains  will  experience  strong  orienting  force  and  ap¬ 
parently  at  T4  microdomains  can  build  into  macrodomains 
with  consequent  distortion  of  the  structure,  the  manifesta¬ 
tion  of  optical  birefringence,  and  the  emergence  of  the  shape 
memory  of  ferroelastic  macrotwins. 

Once  established  below  Td,  the  ordered  state  will  per¬ 
sist  down  to  absolute  zero,  and  no  lower  change  is  to  be 
expected.  Clearly,  however,  the  kinetics  of  microdomain 
rearrangement  trill  slow  up  with  reducing  temperature.  We 
suggest  that  for  thermally  depoled  samples  in  the  region  be¬ 
low  0*C  the  kinetics  is  sufficiently  slow  that  a  dc  bias  is 
unable  to  effect  reorientation  in  a  reasonable  time,  and  the 
disordered  state  persists.  I C  however,  the  biased  disordered 
microdomain  system  is  now  heated  at  a  constant  rate,  order¬ 
ing  can  occur  at  a  suitable  temperature  when  the  rates  have 
speeded  up  sufficiently.  Thus  higher  fields  or  slower 
tales  will  both  serve  to  depress  the  temperature  Tf  of  the 
change  from  micro-  to  macro-ordering. 
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The  sequence  of  dielectric  and  pyroelectric  observa¬ 
tions  are  consistent  with  this  suggested  pattern.  If  Tt  were 
an  a-0  phase  change,  as  has  been  suggested  earlier,  then  it 
would  necessarily  imply  that  the  change  at  7}  was  a  conven¬ 
tional  poling  phenomenon.  In  this  case  the  kinetics  of  the 
behavior  would  be  difficult  to  explain,  and  the  clear  contin¬ 
uity  of  the  dispersions  in  regions  (1)  and  i3)  for  unbiased 
crystals  would  be  a  remarkable  coincidence. 

On  balance  we  feel  that  the  buildup  and  decay  of  macro- 
domains  Grom  polar  microregions  provide  a  valid  descrip¬ 
tion  for  ail  observed  phenomena.  A  more  subtle  “phase 
change'*  explanation  may  be  possible,  however,  bearing  in 
mind  the  scale  of  the  polar  microregions  postulated.  Since 
the  onset  of  a  nonzero  polarization  will  occur  at  a  different 
temperature  in  each  microregion  over  the  temperature  range 
of  the  dispersive  dielectric  permittivity  peak,  it  may  well  be 
that  on  a  global  scale  these  local  onsets  should  not  be  consid¬ 
ered  as  phase  changes. 

In  this  view  then,  the  crystal  may  be  regarded  as  being 
macroscopicaily  cubic  over  the  whole  temperature  range. 
Below  some  temperature  Te  between  T,  and  Tf,  this  “cubic” 
nonpolar  phase  becomes  metastable  with  respect  to  a  ma¬ 
croscopicaily  polar  phase  and  the  crystal  can  be  forced  into 
the  more  stable  sure  by  a  poling  field.  Thus  Tt  and  T.  may 
be  regarded  as  a  field-forced  phase  change  to  a  polar  state 
and  a  thermal  depoiing  into  a  macroscopicaily  nonpolar 
state,  respectively. 

A  question  of  major  interest  which  remains  unresolved 
is  the  nature  of  the  subgrain  heterogeneity  in  the  PL2T 
which  favors  reiaxor  behavior.  It  may  be  suspected  that  the 
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very  hifh  levels  of  lanthanum  doping  could  give  rise  to  par* 
daily  ordered  planar  defects  which  could  serve  to  interrupt 
and  Unit  the  polarization  on  the  appropriate  scale,  but  much 
more  detailed  structure  work  is  required  to  delineate  this 
heterogeneity. 
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Abstract— Stadias  bars  bssa  aada  of  tbs  polar izatioa  sad  depolar- 
isatioa  behavior  for  load  laatbaaaa  sireoaaea  titaaats  esraaios 
with  zireoaia: titaaia  ratio  0.6S/0.SS  aad  Ls.O.  sbatsat  froa 
0.07  to  0.095  (7:65:85  to  9.5:65:55).  Ceatiaaity  of  tbs  dielee- 
trio  dispersioa  oa  aooliaf  aabiaasd  frssbly  de-sged  saaplss 
saggests  that  across  tbis  vhole  aoapositioa  raags  for  teapera- 
tarss  below  tbs  dislsetris  aasiaa,  ebsra  are  ao  aaorosoopis 
pbaao  charges.  Largs  rsaaasat  polarisatioas  aay  bs  baile  ap  at 
low  tsaporataraa  by  oooliag  aadsr  saleable  DC  bias,  bat  ebs 
esraaios  will  'staad  off*  sig^fioaat  bias  levels  applied  at  low 
esaporatars  aad  rsaaia  dispersive.  Depoliag  oa  beatlag  beooaes 
pcogressiwely  loss  abrupt  vitb  lasxessiag  La^O^  coateat  bat  is 
always  aoooaplisbod  veil  belov  tbs  tsaperatare  of  tbs  dieleetrie 
aariaaa.  A  aodel  iavolviag  tbs  orderiag  aad  disorderiag  of 
polar  aiexo-regioas  aader  eleetrieal  sad  tberaal  fields  aeeoaats 
well  for  tbs  observed  properties. 

INTRODUCTION 

Tbs  tberaal  depolariratioa  behavior  of  eleotrieally  poled  lead 
laatbaaaa  sireoaate  titaaats  (PUT)  eeraaies  vitb  eoapositioas  ia  tbs 
raags  of  PbZ*o.65^l0^5°3  vltk  La^Oj  sdditioas  of  6-,.  7-,  aad  8-aole* 
LajOj  have  beea  of  iaterest  for  the  behavior  of  tbs  pyroelectric 
earreat.  dieleetrie  respoase.  aad  eleetro-optie  characteristics*  . 
It  was  elear  froa  the  early  stadias  of  levs*  that  depolariratioa  of  a 
sbort-eirsaited  PLZT  of  eoaposi-tioa  7:65:85  oeears  at  a  tsaperatare 
well  belov  that  of  the  dieleetrie  peralttivity  aariaaa.  Dieleetrie 
data  of  Salaaek*  saggest  that  tbs  S'  aariaaa  is  stroagly  dispersive 
as  ia  ferroeleetries  vitb  diffase  phase  trsasitioas  (relarors).  More 
reseat  aeasareaeats  by  Eiaara.  Nevahaa,  aad  Cross”  of  the  elastie 
shape  aeaory  effect  saggest  that  the  shape  ehaagiag  ferroelsstie 
aserodoaaias  are  lost  ia  these  eeraaies  at  the  lover  depoliag  tea'* 
peratare. 

The  preseat  stady  was  esrried  oat  to  iavestigate  aore  fully  both 
poliag  sad  depoliag  ehexseteris ties  of  traaspsreat  hot  pressed  PLZTs 
coveriag  the  eoapositioa  rsage  froa  (7  to  9.5):65:35.  Decs  for  the 
3%  Ls.Oj  eoapositioa  have  beea  preseated  earlier',  bat  soar  are 
reproduced  agsia  here  to  eoapare  vitb  Che  8.8  sad  9.5%  L*2°3 
eoapositioas. 

SAMPLE  PREPARATION  AND  EXPERIMENTAL  PROCEDURE 

Ceraai.es  used  ia  these  studies  vere  provided  by  Che  Shsaghsi 
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Institute  of  Ceramics  ia  Chian.  Wafers  used  ia  the  present  study 
«h  oat  from  boslu  of  aear  theoretical  density,  high  optical  trans¬ 
parency  aad  a  can  graia  sixes  ia  the  raago  2  to  5  j tm. 

Oislootric  properties  sots  asasaxsd  oa  a  computerized  aatoaatic 
aoasaxiag  system  aaiag  the  BP  LCB  asters  BP  4274A  aad  4275A  uadsr  BP 
9825  ooapatsr  coatrol.  Pyroelectric  oasrsata  wars  asaaurad  with  aa 
HP  4140B  pieoaapsrsastar.  A  Doits  Dssiga  2300  savisoaaoat  chaabsr 
covered  the  raago  -1  JO  to  200*C  aad  toaporsturo  wort  asaaurad  with  a 
platiaaa  rssistsaco  tharaoaator  oa  a  Flaks  8502A  digital  aultiaater. 
Spaoial  software  was  dawalopad  for  aatoastio  aassuraaaat  aad  all  data 
wore  recorded  oa  flexible  asgaetie  disks. 


The  teaperstare  depeadoace  of  dieleotrie  peraa i 1 1 ivi ty  ia 
8:05:33  PZT  aooiiag  uadsr  aero  hiss,  aad  uadsr  a  DC  bias  of  3  kV/cm 
for  s  eooliag  rate  of  3*C/aia  ia  shown  ia  Figure  la  aad  lb.  Sup¬ 
pression  of  the  dispersive  behavior  (relaxor  character)  uadsr  bias  is 
clearly  evident  st  teaperatares  below  55*C.  Similarly  for  aa  8:05:35 
PUT  saaple  coaled  to  -75'C  then  biased  to  3  kV/ca  aad  heated  at 
3*C/aia  (Fig.  2).  the  persistence  of  the  dispersion  ttp  to  a  tempera¬ 
ture  Tg  followed  by  a  suppressed  ao  dispersive  regioa  (2)  a  re- 
eaergeaoe  of  dispersioa  below  Ta  (3)  aad  the  conventional  higher 
teaperstare  aoa-dispersive  regions  (4)  are  quite  evident.  That  Tf 
aad  T  are  poling  aad  depoilag  teaperatares  is  evidenced  from  the 
pyroelectric  curreats  (Fig.  3).  aad  the  integrated  current  shows  the 
corresponding  build  up  aad  decay  of  aaerescopie  polarization. 

Data  has  slready  been  presented  to  show  that  decreases  with 
iaoreasiag  bias  field,  aad  the  kiaetic  nature  of  the  ehaage  is  evi¬ 
dent  froa  the  dependence  upda  heatiag  rate7. 

Is  the  8.8/65/35  FZT.  oa  cooling's  freshly  de-aged  saaple  again 
the  dispersive  character  of  a  relaxor  ferroelectric  is  clearly  evi¬ 
denced  (Fig.  4a).  Bore,  however,  uader  even  high  DC  bias  of  15  kV/ca 
the  relaxation  is  aot  eoapleteiy  suppressed  aad  there  is  ao  evidence 
of  aa  abrupt  ehaage  such  ss~thut  seen  ia  the  8/65/35  compositions 
(Fig.  4b).  That  the  polariaatioa  builds  up  aad  decays  ia  a  rather 
siuilar  aaaaer  to  that  ia  the  percales  of  lower  lanthanum  content 
is.however.  evident  froa  the  integrated  pyroelectric  response  for  s 
saaple  cooled  uader  field  (Fig.  5(2])  as  compared  to  that  of  a  sample 
cooled  without  field  to  -100*C  then  biased  to  3  kV/ca  sod  heated  at  a 


ooastaat  rate  of  3*C/miaute  (Fig.  5(1]). 

It  nay  be  noted  that  the  major  changes  with  increased  La-,0, 
oouteat  is  that  the  polariaatioa  levels  are  lower,  the  changes  are 
more  gradual  aad  occur  at  lower  temperature. 

Ia  the  9.5:65:35  this  tread  is  continued  (Fig.  6)  and  here  a 
higher  field  of  6.6  kV/ca  was  used  to  produce  comparable  polarization 
changes.  Larger  polarisation  levels  can  be  induced  ia  boeh  5.3  a r.d 


9.5%  La^Oe  conposi t ions,  but  only  by  going  to  much  higher  field 
levels. 
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The  eoatiaeity  of  t he  dispersion  serves  ia  all  saaples  below  Ta 
n||«iti  that  ia  U«  abeeaee  of  a  driving  fiold  aoao  of  the  aaterials 
goes  through  a  normal  aaeroseopie  phase  ehaage  below  T_.  This  would 
appear  to  bo  eoafiraed  by  reseat  aoaaaraaoata  ia  Shaagaai  of  V.  Tia 
aad  colleagues'*'  who  show  chat  ia  graia  growa  PLZTa  of  tho  I:d5:35 
ooapoaitioa  the  iadiwidaal  gzaiaa  hawo  isocropio  opcioal  properties 
bolow  Ta  la  eho  abaoaoo  of  aa  external  fiold. 

For  cho  3.3:35:35  aad  9.5:35:35,  eho  disporaioa  aad  poliag: 
dopoliag  behavior  aro  roaarhably  siailar  to  thoaa  observed  ia 
W,*,**l/3**b2/3*03»  Fb(So^/jTa./j)Oj  aad  othox  rolaror  f arroeleetriea. 
It  ia  (has  teaptiag  to  apply  eho  aodol  of  ordoriag  of  polar  aioro 
ragioaa  aador  field,  aad  diaorderlag  aader  teaperatare  to  deaeribe 
the  observed  baiid  ap  aad  deoay  of  polarisation.  That  the  1:35:35 
ooapoaitioa  ia  optically  laocropio  graia  by  graia  oa  oooliag  agaia 
saggeata  tho  aodol  of  diaordered  polar  aiere-regioaa.  However,  ia 
chia  eoapoaitioa  the  diaorderlag  ia  rather  abrape  aad  has  aaay  of  the 
feacarea  of  a  phaae  ehaage.  • 

Wo  aaggeat  ia  apeealatioa.  that  ia  aaalogy  to  aagaetiaa.  the 
FMN.  PST.  3.1:35:35  aad  9.5:35:35  eoapeaitioaa  aay  be  aaperparae lee- 
trio  bat  that  ia  the  3:35:35  the  pheaoaeaa  aay  be  aore  aaalegoaa  to 
Chet  of  eritieal  aaperparaaagaetiaa. 
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Dielectric  Properties  of  Lead-Magnesium  Niobate  Ceramics 

S.L.  SWARTZ,*  T.R.  SHROUT,*  *  W.  A.  SCHULZE,*  *  and  L.E.  CROSS* 

Materials  Research  Laboratory.  The  Pennsylvania  State  University.  University  Park.  Pennsylvania  16802 


Dielectric  properties  are  reported  for  Iced  magnesium  niobate 
(PbMgvjNbirtOt)  ceramics  which  were  prepared  as  single 
phase  (Le.,  without  pyrodriore)  with  an  improved  technique. 
Dielectric  constants  of  18000  for  pure  PMN  and  31000  for 
PMN  with  10%  PbTTOj  were  achieved;  these  values  arc  50% 
larger  thaa  those  reported  in  the  literature.  The  dielectric  con¬ 
stant  of  PMN  ceramics  was  found  to  increase  with  both  sin¬ 
tering  temperature  and  excess  MgO.  and  subsequent  analysis 
ef  the  microatructures  confirmed  that  this  was  due  to  an  in¬ 
crease  in  grain  size.  This  grain- size  dependence  is  explained  as 
a  consequence  of  low -permittivity  grain  boundaries. 

L  Introduction 

PEROVSIUTE  LEAD  macnesium  niobate  (PbMgi.sNbwOj.  here¬ 
after  designated  PMN)  was  first  synthesized  by  Soviet  workers 
in  the  late  1950s.'  The  dielectric  properties  of  PMN  have  since 
been  widely  investigated  in  both  the  tingle-crystal1"5  and 
ceramk1J"’  forms.  The  main  feature  of  the  dielectric  properties  of 
PMN.  common  to  all  of  the  above  investigations,  was  a  broad 
maximum  of  the  dielectric  constant’ just  below  room  temperature. 
The  magnitude  of  this  maximum  (at  1  KHz.  *12000  for  ceramic 
PMN  and  >20000  for  single-crystal  PMN)  decreased  and  the 
temperature  of  this  maximum  increased  with  increasing  frequency . 
A  corresponding  frequency  dispersion  of  die  dissipation  factor  was 
also  observed,  but  at  a  temperature  range  lower  than  that  of  die 
dielectric  constant  maxima.  This  behavior  is  typical  of  what  are 
now  commonly  referred  to  as  telaxor  ferroelectric*. 

Recently,  there  has  been  much  interest  in  PMN  and  PMN -based 
materials  for  electxostrictive  strain  applications.*" 13  It  has  been 
reported  that  the  electros trictive  strains  generated  in  PMN-based 
ceramics  are  an  order  of  magnitude  larger  than  those  of 
BaTiOrbased  ceramics"  and  are  comparable  to  the  piezoelectric 
strains  of  PZT  ceramics."  This  is  due  to  the  large  dielectric 
constant  of  PMN.  as  the  induced  electroctrictive  strains  are  pro¬ 
portional  to  the  square  of  the  polarization  (and  thus  dielectric 
constant).  PMN  is  not  only  an  important  candidate  material 
for  electros inctive  devices,  but  should  also  be  promising  for 
other  applications  requiring  a  large  dielectric  constant  material, 
e.g.,  capacitors. 

A  limitation  to  the  utilization  of  PMN  in  device  applications  has 
been  the  lack  of  a  simple,  reproducible  fabrication  technique  for 
ceramic  PMN.  The  fabrication  of  PMN  is  complicated  by  the 
formation  of  a  lead  niobate-based  pyrochlore  phase  during  the 
initial  stages  of  reaction  between  mixed  oxides.  14  The  subsequent 
transformation  of  (he  pyrochlore  phase  to  perovskite  is  sluggish 
and  necessitates  the  use  of  repeated  calcinations  at  relatively  high 
temperatures  for  long  times.  Mixed-oxide  processing  rarely  results 
in  pyrochiore-free  PMN  and  has  associated  problems  of 
reproducibility  and  the  control  of  PbO  stoichiometry.  At  least 
pvt  of  the  large  discrepancy  between  the  maximum  dielectric 
constant  values  repotted  for  ceramic  and  single-crystal  PMN 
(12000  vs  20000)  may  indeed  be  explained  on  the  basis  of  the 
fabrication  problems. 
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In  a  recent  investigation.14  an  unproved  process  for  the  fabri¬ 
cation  of  pyrochiore-free  PMN  was  developed.  The  technique  con¬ 
sisted  of  prereacting  magnesium  and  niobium  oxides  to  form  the 
columbite  MgNbjO,.  prior  to  reaction  with  PbO.  Perovskite  PMN 
thus  formed  via  the  reaction: 

3PbO  +  MgNbsOe — ►  SPbMgujNbajOj  (I) 

The  amount  of  pyrochlore  phase  wu  reduced  to  <2%  by  this 
method,  u  compared  to  “30%  for  a  batch  of  mixed  oxides  given 
a  similar  calcination  schedule.  It  wu  also  shown  that  the  pyro¬ 
chlore  phase  can  be  completely  eliminated  by  additions  of  excess 
MgO  (*2  moi%). 

The  purpose  of  this  investigation  wu  to  study  the  microstructure 
and  dielectric  properties  of  sintered  PMN  ceramics  fabricated  using 
the  above  technique.  Processing  variables  included  deviation  from 
the  PMN  stoichiometry,  calcining  temperature,  and  sintering 
temperature.  The  compositions  investigated  were  based  on  pure 
PMN  and  PMN  with  10  mo(%  PbTiOj,  which  has  a  transition 
range  closer  to  room  temperature. 

II.  Experimental  Procedure 

Compositions  were  selected  so  that  the  effects  of  excess  MgO 
and  PbO  stoichiometry  could  be  determined.  As  previously  re¬ 
potted.14  excess  MgO  suppresses  pyrochlore  formation:  however, 
its  effect  on  dielectric  properties  should  be  examined.  The  effect 
of  PbO  stoichiometry  becomes  important  when  considering  the 
problem  of  PbO  volatility  during  sintering.  Thus,  compositions 
investigated  in  this  study  corresponded  to  the  following:  stoichio¬ 
metric  lead  magnesium  niobate  (PMN-STD);  2  and  5  mol%  excess 
MgO  (PMN-x%  MgO):  2  mol%  excess  PbO  (PMN-2%  PbO):  and 
2  mo!%  deficient  in  PbO  (PMN-2%  MN).  Compositions  with 
10  mol%  PbTiOj  were  also  prepared  u  stoichiometric  (PMN- 
10PT-STD)  and  with  excess  MgO  (PMN-lOPT-x%MgO). 

The  raw  materials  used  throughout  this  investigation  were 
reagent-grade  oxides  of  lead,  magnesium,  niobium,  and  titanium. 
As  described  in  Ref.  14.  the  fabrication  process  for  PMN  primarily 
consists  of  two  steps:  the  preparation  of  MgNbjO*.  followed  by 
the  addition  of  PbO  and  subsequent  calcination.  For  the  excess 
MgO  compositions,  the  excess  MgO  wu  added  prior  to  reaction 
with  NbiOj. 

Accordingly,  three  MgNbyO*  batches  were  prepared  with  the 
stoichiometries:  MgO  •  Nb?Os  (for  the  STD.  2%  PbO.  and  2%  MN 
compositions).  l.02MgO*Nb:Oj  (2%  MgO).  and  l.OSMgO- 
Nb-Oj  (5%  MgO).  After  ball-milling  in  ethanol  for  12  h  and  sub¬ 
sequent  drying,  the  MgNb-0«  batches  were  calcined  in  alumina 
crucibles  at  1000*0  for  6  h.  X-ray  diffraction  (XRD)  confirmed  that 
the  coiumbite  structure  of  MgNb-O*  wu  obtained  in  each  case. 

The  constituents.  PbO  and  the  appropriate  MgNb;Os  batch, 
were  weighed,  mixed  by  ball-milling  as  above,  and  calcined  in  a 
closed  alumina  crucible  at  T  *  800*  or  870*C  for  a  soak  time  of 
4  h.  After  calcination.  2  wt%  PVA  binder  wu  added  and  pellets 
( 1 .27  cm  in  diameter  and  3  to  4  mm  thick)  were  pressed.  Follow¬ 
ing  binder  burnout  at  5004C.  the  pellets  were  sintered  at  various 
temperatures  (1200*.  1270*.  and  1310°C)  for  1  h.  PbO  loss  was 
limited  by  the  use  of  a  sintered  PMN  source  powder.  Weight  loss 
on  sintering  wu  typically  held  to  <1%  for  the  STD  composition. 
<0.3%  for  excess  MgO  compositions,  and  <2%  for  tire  excess 
PbO  composition:  a  slight  weight  gain  wu  observed  with  the 
PMN-2%  MN  composition.  The  sintered  pellets  were  analyzed  by 
XRD  and  sc  arming  electron  microscopy  (SEMI. 

Samples  for  dielectric  measurements  were  prepared  from  the 
sintered  pellets  by  polishing  the  faces  parallel  with  12  tun  alumina, 
sputtering  gold  electrodes,  and  applying  air-dried  silver  paint  to 
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flg.1.  Mictownicturt  of  (A)  PMN-STD  and  (8)  PMN-3% 
MfO.  bodi  calcined  at  900*  and  sintered  ai  1200*C 
(bar  »  3  pm). 


rive*.**  rune  c*c;  rtMess.<rc*£  t*c; 


*T«-  2.  Dielectric  constant  and  dissipation  factor  vj  temperature  for 
(A).  (8)  PMN  and  (Cl.  (O)  PMN-IOPT:  STD  compositions,  calcined  at 
800*.  sintered  at  1270*C. 


Table  H.  Effect  of  Processing  Temperatures  on 
106-Ha  Dielectric  Properties  of  PMN-STD 


CafcvuM 

mjp.THA 

SimariM 
wop.  (*Q 

sr^.dooKti 

r.(*o 

800 

1200 

15900 

-15 

800 

1270 

18200 

-15 

800 

1310 

16400 

-17 

870 

1200 

14900 

-15 

870 

1270 

15800 

-16 

TbMe  1.  Density  and  Grain  Slat  of  PMN  Ceramics* 


tenf.  1*0 

Daaaiqr  (f/cn*) 

Gnia  site  (turn 

PMN 

1200 

7.78 

2.8 

1270 

7.59 

6.1 

1310 

7.54 

8.9 

PMN-2%  MgO 

1200 

7.77 

3.7 

1270 

7.61 

6.0 

1310 

7.56 

10.2 

PMN-5%  MgO 

1200 

7.75 

6.0 

1270 

7.65 

8.9 

1310 

7.53 

13.6 

■Calcined  at  SOO*C.  *,-8.13  g/cnr1 


improve  electrical  contact.  Prior  to  electroding.  the  geometry  and 
weight  of  each  sample  were  measured  and  densities  were  calcu¬ 
lated.  Dielectric  measurements  were  earned  out  on  an  automated 
system,  whereby  a  temperature -control  boa*  and  LCR  meters' 
were  controlled  by  a  desk-top  computer  system.**  Dielectric  con¬ 
stant  and  dissipation  factors  were  measured  pseudocontinuously  at 
various  frequencies  between  100  Hz  and  1  MHz  as  the  samples 
wete  cooled  through  the  transition  range  at  a  rate  of  0.75*C/min. 
TVptcally.  2  to  4  samples  ot  each  composition  and  thermal  history 
were  measured.  The  two  parameters  used  tor  analysis  of  dielectric 
data  were  the  maximum  dielectric  constant  at  100  Hz  and  the 
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temperature  at  which  this  maximum  occurred.  The  dielectric  con¬ 
stants  were  corrected  for  porosity  by  the  equation  governing  paral¬ 
lel  mixing: 

fC  ■  K—Apn>/ A*,)  (2) 

and  averages  were  calculated. 

Electrical  resistivities  of  selected  samples  were  measured  at 
T  “  230*  to  330*C  using  a  picoampmeter”  with  an  appropriate 
field  (*»0. 1  to  0.5  kV/cm)  being  applied  across  the  samples. 

HI.  Results  and  Discussion 

(1)  Microstmcturts 

Typical  SEM  micrographs  are  shown  in  Fig.  I .  demonstrating 
the  influence  of  excess  MgO  on  the  microstrocture  of  PMN  ce¬ 
ramics  sintered  at  1200*C.  Table  ( gives  the  grain  size  (calculated 
by  a  linear  intercept  technique)  and  density  as  a  function  of  com¬ 
position  and  sintering  temperature  for  sintered  pellets  made  from 
PMN  powder  calcined  at  800*C. 

Two  trends  in  the  data  presented  in  Table  I  were  observed: 
<  1)  An  increase  in  sintering  temperature  resulted  in  an  increase  m 
grain  size  and  a  corresponding  decrease  in  density  i2)  Excess 
MgO  increased  the  grain  size  without  appreciably  changing  the 
density.  These  two  observations  will  become  important  when  con¬ 
sidering  the  results  of  the  dielectric  property  measurements  m  the 
next  section. 

(2)  Dielectric  and  Resistivity  Measurements 

Figure  2  shows  typical  plots  of  dielectric  constant  and  dissi¬ 
pation  factor  vs  temperature  at  various  frequencies  for  pure  PMN 
and  PMN  with  I0f%  PbTiOj.  The  10‘S  PbTiOi  addition  affects  the 
dielectric  properties  of  PMN  in  three  wavs: 


"Model  aiaOB.  Hewlett-Packard.  Inc 
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Mil  m.  Effects  et  PbO  Stoichiometry  on 
100-li»  Dielectric  Properties  of  PMN* 


ConponoM 

Sinnaa 
temp-  CO 

Moo  Htt 

r.(*o 

PMN-STD 

1200 

14900 

-15 

1270 

13800 

-16 

PMN-2%  PbO 

1200 

14500 

-13 

1270 

14100 

-14 

PMN -2%  MN 

1200 

13200 

-19 

1270 

16000 

-19 

■oicwd  «  rcre 


Table  IV.  Effect  of  Excess  MgO  on  100- Hi 
Dielectric  Properties  of  PMN* 


Composatioa 

STS, 

JCm  ( tOO  Hz) 

rrro 

PMN-STD 

1200 

15900 

-15 

1270 

18200 

-15 

1300 

16400 

-17 

PMN-2%  MgO 

1200 

15800 

-13 

1270 

17800 

-14 

1310 

18300 

-15 

PMN-5%  MgO 

1200 

17000 

-13 

1270 

19400 

-14 

1310 

17900 

-15 

"CilchMS  a  100*0 


Table  V.  Effect  of  Processing  Temperatures  on 
100- Hz  Dielectric  Properties  of  PMN-10PT-STD 


CalbMM 
trap.  TO 

Simsnag 

wnp  CO 

Z_(10Q  Hi) 

rf(*o 

800 

1200 

21200 

40 

1270 

26500 

39 

1310 

29400 

38 

870 

1200 

19900 

40 

1270 

25500 

39 

Table  VI.  Effect  of  Excess  MgO  on  100-Hz 
Dielectric  Properties  of  PMN-10PT* 

Cowposiooo 

Shewing 
»mp-  CO 

r«  noo  Hz) 

r  co 

PMN-WPT-STD 

1200 

21200 

40 

1270 

26500 

39 

1310 

29400 

38 

PMN-10PT-2%  MgO 

1200 

29300 

41 

1270 

27  300 

39 

1310 

33100 

40 

PMN-10PT-5%  MgO 

1200 

28900 

41 

1270 

29100 

39 

1310 

34000 

40 

*Csibnad  at  S00*C 


(1)  The  iransioon  range  is  shifted  to  higher  temperature.  The 
temperature  of  the  100  Hz  dielectric  constant  maximum  is  in¬ 
creased  from  - 15*  for  pure  PMN  to  40*C  for  PMN- 10%  PbTiOj. 
A  c  ones  ponding  increase  in  temperature  was  observed  at  higher 
frequencies. 

(2)  The  — gtinM*»«  of  the  dielectric  constant  maxima  are  in¬ 
creased  by  the  addition  of  10%  PbTiOj  from  14  to  18000(100  Hz) 
to  20  to  30000.  depending  on  processing  conditions. 

(3)  The  frequency  dispersion  of  the  dielectric  constant  maxima 
is  decreased  by  PbTiO).  The  temperature  difference  between  the 
100  Hz  and  1  MHz  dielectric  constant  maxima  is  23*  for  pure  PMN 
and  13*C  for  PMN  with  10%  PbTiO,. 

The  effects  of  the  various  experimental  parameters  (com¬ 
position.  processing  temperatures,  etc.)  on  the  100  Hz  dielectric 
properties  (Km*,  and  T.)  of  PMN  and  PMN- 10%  PbTiO}  are 
presented  in  ThUes  0  to  VI. 

Arrhenius  plots  of  the  resistivities  of  PMN-STD.  PMN- 
2%  MgO.  md  PMN-5%  MgO.  sintered  at  1200*  and  1270*C. 
appear  in  Pig.  3.  The  activation  energies  and  extrapolated 
room  temperature  resistivities  are  given  in  Table  VU. 

(3)  Uanaeim  of  Peseta 

fat  tbs  following  description  of  the  results  of  the  dielectric  and 
resistivity  maaswemsnti.  each  of  the  various  topics  will  be  taken 

up  separately 

(A)  Sintering  Temperature:  The  effect  of  sintering  tem¬ 
perature  on  Me  dielectric  propeniss  was  pronounced  and  consistent 
over  the  entire  tat  of  compositions  investigated.  An  increase  in 
naming  temperature  resulted  in  an  increase  in  maximum  dielectric 
constant.  The  effect  of  sintering  temperature  was  most  pronounced 
for  the  PMN-10PT-STD  composition  (Tabic  V).  for  which  the 
100  Hz  maximum  dielectric  constant  (corrected  for  porosity) 
incwaied  from  21  200  to  26300  and  29400  as  the  sintering 
temperature  was  increased  from  1200*  to  1270*  and  1310*C. 
respectively,  for  powder  which  was  calcined  it  800*C.  Relating 
this  to ‘the  microstructures.  a  grain-size  dependence  of  the  di¬ 
electric  properties  is  implied  ( i.e. .  an  increase  in  dielectric  constant 
with  increasing  gram  size). 

>8)  Calcining  Temperature:  Using  the  criterion  of  maximum 


TEMPERATURE  C*C) 


1QQ0/T  (K*1) 


Fig.  3.  Arrhenius  plots  of  resistivity  for  PMN 
with  excess  MeO:  calcined  at  800*.  sintered 

« iwrc. 


Table  VII.  Effect  of  Sintering  Temperature  and 
_ Excess  MgO  on  Resistivity  of  PMN _ 


Smnai 

temp. 

Acnvaoon 

Composition 

fere  rfi-emi* 

PMN-STD 

1200 

1.4  X  10U 

2.56 

1270 

9.8  X  \Q* 

2.48 

PMN-2%  MgO 

1200 

2.2  x  to15 

2.40 

1270 

1.6  x  tCP 

2.56 

PMN-5%  MgO 

1200 

2.6  x  10'* 

2.21 

1270 

7.7  x  10'* 

2.29 

'linpoM  from  hi|h-<tinparaam  data. 
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dielectric  constant,  it  is  apparent  from  the  data  presented  in 
Tables  (1  and  V  that  800*C  is  a  better  calcining  temperature  than 
870*C  for  the  PMN-STD  and  PMN-10PT-STD  compositions.  This 
might  be  explained  on  the  basis  of  a  pyrochlore  content  argument. 
In  the  calcining  study  described  in  Ref.  14.  it  was  noted  that,  for 
the  PMN-STD  composition,  the  amount  of  pyrochlore  phase  in¬ 
creased  with  increasing  calcining  temperature  (although  the  pyro¬ 
chlore  content  for  the  highest  calcining  temperature  was  still 
<2%).  However,  the  general  trend  of  a  lower  dielectric  constant 
with  (he  870*C  calcining  temperature  (as  compared  to  800*0  was 
also  noticed  for  compositions  with  excess  MgO.  which  did  not 
have  a  detectable  amount  of  pyrochlore.  Thus  the  exact  nature  of 
the  apparent  calcining  temperature  dependence  of  the  dielectric 
properties  of  PMN  cannot  be  folly  explained  at  this  time. 

IC)  PbO  Stoichiometry:  The  importance  of  PbO  stoichi¬ 
ometry  was  demonstrated  by  the  data  in  Thbte  III.  Although  the 
PMN-2%  PbO  composition  experienced  a  large  weight  loss  during 
sintering,  which  resulted  in  a  PbO  stoichiometry  approaching  that 
of  the  PMN-STD  composition,  a  degradation  of  the  dielectric 
constant  was  observed.  The  PMN-2%  PbO  composition  had  a 
100  Hz  transition  temperature  of  -  13*C.  as  compared  to  - 15*  for 
PMN-STD  and  - 19*  for  PMN-2%  MN.  This  result  explains  the 
slight  decrease  in  transition  temperature  observed  as  the  sintering 
temperature  was  increased.  Increasing  the  sintering  temperature, 
and  thus  PbO  weight  loss,  would  shift  the  stoichiometry  of  PMN 
toward  the  PMN-2%  MN  composition,  and  the  transition  tem¬ 
perature  would  be  expected  to  decrease. 

ID)  Excess  MgO:  The  data  presented  in  Tables  IV  and  VI 
show  that  the  addition  of  excess  MgO  resulted  in  a  significant 
enhancement  of  the  dielectric  constant  of  PMN  ceramics.  This  was 
originally  attributed  to  the  elimination  of  the  pyrochlore  phase. 
Subsequent  analysis  of  the  microstructures  confirmed  that  the 
increase  in  dielectric  constant  with  excess  MgO  corresponded  to  an 
increase  in  grain  size.  Thus  a  grain-size  dependence  of  the 
dielectric  constant,  similar  to  that  observed  with  sintering 
temperature,  seems  a  more  probable  explanation.  However,  two 
important  questions  remain  to  be  answered:  ( 1)  How  is  the 
excess  MgO  responsible  for  an  increase  of  grain  size?  (2)  Is  the 
excess  MgO  chemically  incorporated  into  the  perovskite  grains,  or 
does  it  exist  as  isolated  grains  or  in  grain  boundaries? 

lE)  Gram-Size  Dependence:  The  most  important  result  of 
this  investigation  was  the  apparent  grain-size  dependence  of  the 
dielectric  constant  of  PMN  ceramics.  This  was  evidenced  by  the 
substantial  increase  in  dielectric  constant  observed  with  both  sin¬ 
tering  temperature  and  excess  MgO.  It  must  be  stated,  however, 
that  the  true  grain-size  dependence  cannot  be  resolved,  due  to  the 
difficulty  in  varying  grain  size  without  also  changing  the  ceramic 
in  other  ways:  density.  PbO  weight  loss,  microcracking.  etc.  Any 
deviation  from  the  general  trend  of  the  dielectric  data  can  be 
attributed  to  this  problem. 

A  grain-size  dependence  of  the  dielectric  constant  of  lead  zir- 
conate  titanate  ceramics  has  been  reported.'’  It  was  shown  that  the 
room-temperature  dielectric  constant  increased  and  the  dielectric 
constant  at  the  Curie  temperature  decreased  with  increasing  grain 
size.  This  can  be  attributed  to  the  clamping  of  domain  walls  in 
fine-grained  PZT.  This  behavior  can  be  contrasted  to  the  grain-size 
dependence  of  BaTiO]  ceramics.  Internal  stresses  generated  at  the 
grain  boundaries  in  BaTiO?  ceramics  cause  the  room-temperature 
dielectric  constant  to  increase  and  the  dielectric  constant  at  the 
Curie  temperature  to  decrease  as  the  grain  size  decreases.  '* 

The  apparent  grain-size  dependence  of  the  dielectric  constant  of 
PMN  ceramics,  as  demonstrated  by  this  investigation,  was  quite 
different  from  that  of  the  preceding  cases.  The  increase  in  dielectric 
constant  with  increasing  grain  size  was  observed  in  both  the  ferro¬ 
electric  and  paraelectric  regions,  suggesting  that  this  is  not  a 
domain  or  stress  effect.  Thus  it  is  likely  that  the  grain-size  de¬ 
pendence  was  actually  caused  by  the  influence  of  grain-boundary 
volume.  If  a  second  phase  of  low  permittivity  (pyrochlore.  excess 
MgO.  impurities,  etc.)  were  to  be  distributed  within  the  grain 
boundaries,  the  observed  grain-size  dependence  would  be  satis¬ 
factorily  explained.  As  the  grain  size  increases,  the  number  of 
boundaries  in  series  with  the  grains  decreases .  and  the  large  permit¬ 


tivity  of  the  PMN  grains  becomes  less  affected  by  the  low- 
permittivity  grain  boundaries.  Therefore,  the  measured  dielectric 
constant  of  the  ceramic  increases.  This  hypothesis  is  supported  by 
indirect  evidence  obtained  during  the  microstructunl  analysis. 
Scanning  electron  microscopy  observations  of  fractured  surfaces 
indicated  primarily  trans granular  fracture,  and  polished  and  etched 
surfaces  tended  to  have  a  large  number  of  grain  pullouts:  these 
apparently  weak  grain  boundaries  suggest  the  presence  of  a  differ¬ 
ent  phase  located  in  the  grain  boundaries.  Also,  neither  the  pyro¬ 
chlore  nor  excess  MgO  phases  were  located  by  SEM  EDS  analysis, 
even  though  one  or  both  phases  were  known  to  exist  in  all  of  the 
samples.  Thus  it  might  Ire  assumed  that  both  phases,  if  present, 
were  located  in  the  grain  boundaries.  However,  the  existence  of 
the  two  phases  in  the  grain  boundaries  is  not  a  necessary  require¬ 
ment  for  the  grain  boundaries  to  have  such  an  impact  on  the 
dielectric  properties. 

IF)  Resistivity  Measurements:  Extrapolation  of  the  resis¬ 
tivity  data,  shown  in. Fig.  3  and  Table  VU.  to  room  temperature 
yielded  resistivities  on  the  order  of  10*  ft* cm.  The  extremely 
large  values  of  resistivity  and  dielectric  constant  of  PMN  corre¬ 
spond  to  enormous  resistance-capacitance  time  constants  of 
■  10'*  s  ( 10*  yr).  The  PMN-5%  MgO  composition  exhibited  a  sig¬ 
nificantly  lower  resistivity  and  a  slightly  decreased  activation 
energy  than  the  PMN-STD  composition.  However,  the  resistivities 
of  both  the  PMN-STD  and  PMN-5%  MgO  compositions  displayed 
no  appreciable  difference  with  sintering  temperature,  suggesting 
that  the  resistivity  of  PMN  ceramic  is  not  grain-size-dependent. 
The  resistivity  of  the  PMN-2%  MgO  composition  decreased  with 
increased  sintering  temperature,  possibly  indicating  a  change  in  the 
nature  of  incorporation  of  the  excess  MgO  into  the  ceramics. 


IV.  Summary 

The  results  of  this  investigation  were:  (1)A  fabrication  pro¬ 
cess  has  been  developed  which  allows  for  the  fabrication  of 
pyrochlore-free  lead  magnesium  niobate  ceramics.  (2)  Increasing 
the  sintering  temperature  results  in  an  increase  in  grain  size  and  a 
corresponding  increase  in  dielectric  constant.  (3)  Excess  MgO 
completely  eliminates  the  pyrochlore  phase,  increases  the  grain 
size,  and  results  in  an  increase  in  dielectric  constant.  (4)  The 
increase  in  dielectric  constant  with  grain  size  can  be  explained  by 
the  influence  of  low-permittivity  grain  boundaries.  (5)  The  re¬ 
sistivities  of  lead  magnesium  niobate  ceramics  are  quite  large  and 
decrease  with  excess  MgO  but  not  with  sintering  temperature. 
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THE  EFFECTS  OF  VARIOUS  B-SITE  MODIFICATIONS  ON  THE  DIELECTRIC 
AND  ELECTROSTRICTIVE  PROPERTIES  OF  LEAD  MAGNESIUM  NIOBATE 
CERAMICS 


D.J.  VOSS,  S.L.  SWARTZ  AND  T.R.  SHROUT 
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Abstract  Sintering  characteristics,  dielectric  properties, 
and  electrostrictive  Q]_2  coefficients  are  reported  for  four¬ 
teen  dopant  cations  incorporated  in  the  perovskite  A(B* ,B")03 
structure  of  lead  magnesium  niobate  [Pb(Mgi/3Nb2/3)03] .  Two 
trends  in  the  dielectric  properties  were  found:  the  maximum 
permittivity  appears  to  be  directly  proportional  to  the  transi¬ 
tion  temperature,  and  secondly,  the  percent  change  in  capaci¬ 
tance  at  20  kV/cm  is.  proportionally  larger  for  the  higher 
permittivity  samples. 

Two  methods  to  estimate  the  frequency  dependence  of  the 
diffuseness  of  the  phase  transition  showed  good  correlation 
with  each  other,  but  revealed  no  general  trend  with  ionic  size 
or  valence  of  the  modifier  cations.  Electrostrictive  Q12 
coefficients  were  found  to  generally  decrease  with  increasing 
diffuseness  of  the  phase  transitions. 


INTRODUCTION 

Perovskite  lead  magnesium  niobate  [Pb(Mgi/3Nb2/3)03,  hereafter 
abbreviated  PMN]  is  a  well-known  relaxor  ferroelectric  exhibiting 
the  characteristic  frequency  dispersion  of  the  dielectric  maximum, 
i.e.,  the  maximum  permittivity  increases  and  shifts  to  lower  tempera¬ 
tures  as  the  frequency  is  decreased.  This  relaxation  character  has 
been  attributed  to  a  statistical  inhomogeneity  in  the  distribution 
of  the  Mg+2  and  Nb+^  cations  in  the  PMN  structure^  creating  micro¬ 
regions  of  varying  transition  temperatures  (Tc). 

A  wide  variety  of  properties  have  been  measured  in  polycrystal¬ 
line  samples  of  PMN  and  numerous  homotypes^  revealing  that  the  PMN 
family  are  promising  candidates  for  both  dielectric  and  electro¬ 
strictive  strain  applications^^.  Crystallographic  studies  of  the 
PUN  family  have  shown  that  ordering  in  the  B  sites  of  the  perovskite 
A(B',B")03  structure  depends  on  the  relative  differences  in  the 
sizes  and  valences  of  the  B'  and  B"  cations5.  However,  the  magni¬ 
tudes  of  other  physical  properties,  particularly  the  dielectric 
properties,  have  not  been  satisfactorily  correlated  to  the  ionic 
size,  valence,  or  other  properties  of  the  various  cations. 

For  this  reason,  the  purpose  of  this  study  was  to  introduce 
various  cations  into  the  B  site  of  the  PMN  structure  in  hopes  of 
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possibly  correlating  resultant  dielectric  properties  with  charac¬ 
teristic  properties  of  the  cations.  Upon  analysis,  these  results 
should  be  helpful  in  selecting  PMN-based  materials  having  optimum 
properties  for  various  dielectric  and  electrostrictive  applications. 

The  properties  examined  included  the  sintering  characteristics, 
the  frequency- related  diffuseness,  temperature  and  E-field  depend¬ 
ence  of  the  permittivity,  resistivity,  and  electrostrictive  behavior. 

EXPERIMENTAL  PROCEDURE 

A  very  successful  method  to  fabricate  polycrystalline  samples 
of  perovskite  PMN  with  minimal  pyrochlore  phase  has  been  reported**. 
The  first  step  is  to  prereact  the  refractory  oxides  MgO  and  Nb205 
to  form  columbite  MgNt^Og;  this  product  is  then  reacted  with  PbO 
to  form  perovskite  Pb3MgNb209  (PMN) .  This  fabrication  scheme  was 
employed  for  the  following  +2-valent  cations  used  in  this  study: 

Ni,  Mg  (pure  PMN),  Ca,  Co,  Zn,  Iln  and  Cd.  The  columbite  precursors 
were  prepared  by  ball  milling  reagent-grade  oxides  or  carbonates 
with  optical  grade  Nb205  in  ethanol  for  12-24  hr,  drying  the 
slurries,  and  reacting  the  powders  in  open  AI2O3  crucibles  at  800s- 
1000°C  for  2-8.5  h.  X-ray  diffraction  confirmed  the  products  were 
single  phase. 

The  following  cations  were  also  investigated  and  are  grouped 
according  to  valence:  (+1)  Li;  (+3)  Al,  Cr,  Fe,  Sc,  and  Tl;  (+4) 

Ge,  Mn,  Ti,  Mo,  W,  Te,  Sn,  Hf,  Zr  and  Ce;  (+5)  V  and  Ta;  and  (+6) 

W.  Of  these,  precursors  were  prepared  for  the  following  five:  Li+1 
as  LiNb03,  Cr+-*  as  CrNb04,  Fe+3  as  FeNb04»  Ti+4  as  PbTi03  and  Ta+5 
as  MgTa206- 

Following  precursor  formation,  appropriate  amounts  of  the 
oxides  and/or  precursors  for  the  modifier  cations  were  mixed  and 
reacted  with  PbO  in  a  similar  procedure  as  described  above.  The 
substitution  of  all  B-sites  was  3.3  molZ  [this  corresponds  to  90 
molZ  PMN  +  10  molZ  Pb(X^7 31^^3)03]  for  the  seven  cations  with  +2 
valency.  All  non-+2  cations  were  Introduced  on  10  molZ  of  all  B 
sites.  Other  dopant  levels  tried  were  Cd+2  at  5  molZ  and  Zn+2  at 
10  molZ.  The  amount  of  substitution  was  limited  to  low  levels  to 
minimize  distortion  of  the  perovskite  structure  yet  produce  detec¬ 
table  changes  in  the  macroscopic  properties. 

The  calcinations  were  performed  once  at  800*C  for  4  h,  except 
for  Al+3,  Cr+3  and  Mo+^  which  were  reacted  at  700°C  for  4  h.  X-ray 
analysis  of  the  products  showed  that  Tl+3  and  Iln"*^  yielded  less 
than  50Z  perovskite  phase  by  intensity  ratios. 

Pellets,  1.59  cm  in  diameter  and  3-4  mm  thick,  were  pressed 
from  the  other  twenty-four  calcined  products  to  which  3  wt%  of  a 
polyvinyl  alcohol  binder  was  added.  A  PbO  atmosphere  was  maintained 
during  sintering  to  minimize  PbO  loss.  Surfaces  were  ground  paral¬ 
lel  with  12  yra  AI2O3  powder  and  geometrical  densities  were  calcu¬ 
lated.  Densities  less  than  90%  of  theoretical  were  obtained  for 
all  sintered  Mo+^-doped  pellets.  A  polished  surface  of  the 
sintered  pellets  was  x-rayed  for  phase  analysis. 
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Dielectric  Measurements 

The  faces  of  those  pellets  with  densities  greater  than  90 Z  of 
theoretical  were  electroded,  first  with  sputtered  Au  and  then  with 
air-dry  Ag.  The  weak-field  dielectric  measurements  were  made  from 
100  to  -75®C  with  a  cooling  rate  of  3°/min.  The  measurement  system 
has  been  described  elsewhere^. 

For  ferroelec tries  with  a  diffused  phase  transition,  the  law 
1/e  «(T-T0)2  has  been  shown  to  hold  over  a  wide  temperature  range 
instead  of  the  normal  Curie-Weiss  law.  Uchino  et  al.  have  shown 
that  when  the  local  Curie  temperature  distribution  is  Gaussian,  the 
diffuseness  and/or  broadness  of  the  phase  transition  can  be  measured 
by  the  diffuseness  parameter  57.  The  temperature  difference  between 
the  Tc's  measured  at  0.1  and  100  KHz  is  a  second  estimation  of  the 
frequency  dependence  of  the  diffuseness. 

The  broadness  of  the  dielectric  maximum  can  also  be  realized 
from  the  temperature  dependence  of  the  dielectric  permittivity. 

For  this,  the  magnitudes  of  the  decreases  in  the  permittivity  60*C 
above  and  15°C  below  the  KHz  Tc  were  normalized  with  the  maximum 
value  found  at  Tc.  This  particular  temperature  range  was  chosen 
because  it  corresponds  to  the  range  of  10°C  to  85°C  being  normalized 
with  room  temperature,  commonly  used  for  capacitor  materials. 

The  dielectric  permittivity  as  a  function  of  E-field  was  deter¬ 
mined  on  samples  being  maintained  at  their  respective  10  KHz  Tc. 

This  temperature  was  arbitrarily  chosen  for  comparison  basis  only. 
The  permittivity  was  recorded  with  increasing  and  decreasing  field; 
the  maximum  field  being  20  KV/cm.  ! 

The  electrical  resistivity  (p)  was  measured  by  applying  100 
volts  across  selected  samples  being  maintained  at  ^100°C.  Current 
values  were  recorded  10  min.  after  application  of  the  voltage. 

Electrostrictlve  Measurements 

The  electrostrictlve  Q12  coefficients  were  indirectly  measured 
from  induced  piezoelectric  resonance  of  the  ceramic  disks  by  the 
application  of  dc  fields  of  various  strengths.  The  selected  samples 
were  maintained  in  air  at  approximately  50SC  above  their  respective 
10  KHz  Tc's,  being  far  removed  from  possible  nonlinear  effects 
commonly  found  near  Tc.  Details  of  this  method  are  described  by 
Nomura  et  al. 

RESULTS  AND  DISCUSSION 

Relatively  broad,  frequency-dependent  permittivity-temperature 
curves  were  obtained  for  all  modifier  cations.  However,  not  all 
cations  were  successfully  incorporated  into  the  PMN  structure.  This 
was  evident  from  an  insignificant  change  in  Tc  as  compared  to  pure 
PMN,  and  the  presence  of  other  phases,  primarily  pyrochlore,  in  the 
x-ray  analyses.  These  samples  typically  had  low  dielectric  maximum 
(<5000)  which  can  be  attributed  to  the  low-permittivity  second 
phase(s).  Interestingly,  however,  these  compositions  had  low  dis¬ 
sipation  factors,  relatively  high  resistivities,  and  low  temperature 
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coefficients  of  dielectric  constants  which  does  not  preclude  their 
use  for  possible  dielectric  application. 

The  dielectric  behavior,  resistivity,  and  other  properties  for 
the  samples  in  which  the  modifier  cations  were  successfully  incor¬ 
porated  into  the  structure  are  presented  in  Table  1.  Most  composi¬ 
tions  were  found  to  densify  (>90%  theoretical)  at  sintering  tempera¬ 
tures  as  low  as  1050SC  with  the  compositions  containing  Cd+2,  Sn+4, 
W+6  and  10%  Zn  being  denslfied  at  £  950°C. 

Resistivities  at  100*C  were  relatively  high  with  the  exceptions 
of  Fe+3-f  Co+2>  and  Mn+2-doped  specimens.  The  low  value  for  these 
particular  ions  may  be  due  to  electronic  conduction  made  possible 
by  multiple  valence  states. 

The  dielectric  properties,  particularly  K,  were  found  to  be  a 
function  of  sintering  conditions,  particularly  for  the  modifier 
Ti+^  in  which  K  greatly  increased  with  increasing  sintering  tempera¬ 
ture.  One  possible  explanation  for  such  findings  is  a  grain  size 
dependency  as  reported  by  Swartz  et  al.9.  In  the  compositions 
having  Cd+2,  Zn+  and  Co+2,  xc  was  found  to  decrease  with  increasing 
sintering  temperature.  This  suggests  that  less  of  the  cation  is 
being  incorporated  into  the  PMN  structure,  further  evidenced  by  an 
increasing  amount  of  pyrochlore  phase  at  the  high  sintering  tempera¬ 
tures. 

A  wide  range  of  Tc's  are  found  in  Table  1  with  the  Tc  for  W+6 
being  the  lowest  near  -55®C  and  the  Tc  for  Ti4*  being  the  highest 
near  +50°C.  Likewise,  there  is  a  correspondingly  wide  range  of 
maximum  permittivities.  Figure  1  shows  good  correlation  between  Tc 
and  the  largest  of  the  Kg^  values  listed  for  each  ion  in  Table  1. 
There  also  appears  to  be  a  corresponding  Increase  in  the  temperature 
coefficients  of  the  permittivity  with  increasing  dielectric  maximum. 
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Figure  1.  Dielectric  constant  at 
Tc  (1  KHz  data  for 
fourteen  compositions 
in  Table  1. 


A  strong  correlation  of 
Kg^  with  the  percentage 
change  in  permittivity  at  a 
£i  field  strength  of  20  KV/cm  is 
shown  in  Figure  2.  This  shows 
£•»  the  difficulty  in  finding  a 
single  phase  material  exhibit¬ 
’ll  ing  a  high  K  along  with  good 
£*>  field  stability. 

;;!!  The  main  characteristic 

«£*  of  a  relaxor  ferroelectric  is 
"  the  temperature  breadth  of  the 
dielectric  maximum  at  differ¬ 
ent  frequencies.  Listed  in 
Table  1  are  the  differences  in 
temperature  at  the  0.1  and 
100  KHz  Tc's  for  the  various 
cations.  Another  measure  of 
the  frequency  dependence  of 
the  diffuseness  is  the  diffuse¬ 
ness  coefficient  <5  which  is 
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Table  1.  Properties  of  Doped  PMN. 
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also  listed  in  Table  1.  These  two  parameters  show  good  correlation 
with  each  other  in  that  a  wide  Tc  or  large  6  indicate  a  wide 
Gaussian  distribution  of  Tc's  and  thus  lower  temperature  coeffi¬ 
cients  of  the  permittivity. 

The  values  of  6  for  the  fourteen  samples  used  in  Figure  1  have 
been  plotted  in  Figure  3  as  a  function  of  the  ionic  radii^-®  of  the 
modifier  cations.  When  grouped  according  to  common  valences,  there 
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Figure  2.  Decrease  in  dielectric 
constant  at  an  E-field 
of  20  KV/cm.  Samples 
were  maintained  at  10 
KHz  Tc's  during  measure¬ 
ment. 


Figure  3.  Diffuseness  coefficient 
6  as  a  function  of  ionic 
radius  for  14  composi¬ 
tions  in  Table  1. 


appears  to  be  only  a  slight 
increase  in  the  magnitude 
of  5  with  Increasing  ionic 
radius. 

The  single  data  points 
for  the  cations  with  +5  and 
+6  valency  are  insufficient 
to  show  any  trends.  However 
upon  consideration  of  ionic 
size  alone,  no  general  trend 
was  observed. 

The  electrostriction 
Ql2  coefficients  are  also 
reported  in  Table  1  with  a 
Ql2  value  of  -0.0050  m^/C^ 
for  pure  PMN.  In  general, 
the  larger  the  6  coeffi¬ 
cient,  the  smaller  the  Q12* 
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Materials  Rasearek  Laboratory,  Tbs  Peaasylvaais  Stata  Uaiversity 
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Abstract 

Coapoaitioaa  ia  tbs  (xMPbCFa^jNb^jJOj-U-xJPbWij^Nbj/jWj  (PFN-PNN) 
solid  aolatioa  systaa  wars  prepared  aad  their  dialaetrie  properties 
dataraiaed.  Coapoaitioaa  with  x£  0.6-0. 8  ware  foaad  to  deasify  at  siateriag 
taaparataraa  laaa  tbaa  1000*C  kaviag  peak  dialaetrie  eoaataata,  k>lS,000,  aad 
a  raiatiwaly  low  taaparatara  eoaffieiaat  of  eapaeitaaea  ekaaga. 

Additioaa  of  aaall  aaoaata  of  MaO  ware  foaad  to  greatly  iaeraaaa  tka 
alaetrieal  resistivity  aad  radaea  tka  dialaetrie  losses.  Additioaa  of  PbTiOj 
ware  foaad  to  skift  tka  Caria  taaparatara  apward  aad  to  iaeraaaa  tka 


dialaetrie  eoastaat 


Introduction 


Many  of  today's  Multilayer  earaaie  eapaeitors  eaploy  eoatly  precious 
aatal  internal  electrodes.  In  aoae  high  capacitance  parts,  the  precious  aetal 
can  a  aha  up  to  50  to  60%  of  the  selling  price  of  the  capacitor.  To  reduce  the 
cost  of  such  capacitors,  less  expensive  electrodes  such  as  Ag  or  high  Ag-Pd 
alloys  are  desired.  Thus  there  has  been  an  extensive  search  for  dielectric 

aaterials  which  can  be  fired  at  teaperaturea  less  than  1000*C.  Along  with  low 

/ 

firing  capability,  such  dielectrics  should  have  a  high  dielectric  constant 
(k>5.000).  low  dielectric  loss,  low  teaperature  dependence  of  capacitance, 
good  insulation  resistance,  and  good  life  perforaance. 

This  coaauaieation  reports  the  preliainary  results  of  studies  on  the 
sintering  and  dielectric  properties  of  coapositions  in  the  Pb(Fe1/2tn>i/2^°3'*‘ 
PbOfij/jM^/gXlg  and/or  PbTiOg  binary  and  ternary  systeas  for  possible 
capacitance  applications.  The  above  systea  was  selected  based  on  the  low 
firing  characteristics  of  p^^«i/2Mbi/2^°3  (<*00*C)  and  the  relatively  high 
dieleotric  constants  exhibited  by  all  three  end  aeabefs. 

EiPtilatatil  frgstflm 

It  has’been  reported  (1-2)  that  the  ABOj  structure  perovskites 
Pb(Fe1/2m*l/2^°3  iad  Fb^Nll/3Ifb2/3^°3  (hereafter  designated  PFN  and  PNN. 
respectively)  are  difficult  to  fabricate  as  single  phase  ceraaics  due  to  the 
appearance  of  a  stable  lead-niobate  pyrochlore  phase  on  calcination.  Swartz 
and  Shrout(3)  and  Voss  et  al.  (4)  reported  that  by  first  pre-reaoting  the  B 
site  refractory  oxides  of  such  Pb  (BJ/  2®i/2^°3  *a*/°r  PMB^jB^jJOj 
perovskites  to  fora  the  appropriate  eoluabite  or  wolfraaite  BTT'O^. 
eoapounds.  and  then  followed  by  reaction  with  PbO,  the  aaount  of  pyrochlore 
phase  is  greatly  reduced.  In  this  investigation.  Che  pre-reacted  eoapounds  or 
precursors  were  wolfraaite.  FeNbO^.  and  eoluabite,  NiNbjOg. 


The  precursors  were  prepared  bp  ball  willing  the  appropriate  amounts  of 
reagent  grade  oxides  FejOj*  or  NiO*  with  optical  grade  ia  distilled 

water  for  12  boors  osiag  sireoaia  ailliag  aedia.  The  resoltaat  slurry  was 
dried  aad  placed  io  aluaiaa  crucibles  whereby  reaction  was  carried  out  at 
1000* C  for  4  hours. 

These  products  were  aired,  as  abowe.  with  reagent  grade  PbO***  (yellow) 
and/or  reagent  grade  PbTiOj— .  The  powders  were  then  calcined  at  teaperatures 
froa  750  to  800*C  for  4  hours.  The  resultant  calcined  slug  was  then 
sufficiently  ground  to  pass  a  60  aesh  slews  using  a  aortar  and  pestal.  Disks 
1.59  ea  in  disaster  aad  3-4  aa  in  thickness  were  pressed  in  which  a  3  wt% 
polywiayl  alcohol  binder  had  been  added.  Following  binder  burnout  at  500*C. 
the  disks  were  fired  in  closed  aluaiaa  crucibles  at  teaperatures  ranging  froa 
850*C  to  1000*C  and  at  warious  tiaes.  No  ataospherio  source  of  PbO  was 
required. 

Prior  to  eleetroding,  the  sintered  disks  were  analysed  by  X-ray 
diffraction  to  insure  that  little  or  no  pyroehlore  pha.se  was  present. 

The  sintered  disks  were  then  ground  parallel  with  12  jua  4120j  powder  and 
geoaetrieal  densities  were  calculated.  Electrodes  of  sputtered  on  gold  and 
air-dry  silwer  were  applied. 

Dielectric  aeasureaents  were  carried  out  on  an  autoaated  systea  whereby  a 
Delta  design  aodel  2300  teaperature  control  box”",  and  Eewlett  Packard  Model 
42744  LC1  aeter  were  controlled  by  a  Hewlett  Packard  98254  desktop  coaputer 
systea  .  The  dielectric  constant  (k)  and  less  (tsn  8)  were  aessured 
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pMadMoatiasoailj  at  0.1,  1,  10  and  100  KHz  upon  cooling  froa  150*C  at  a  rata 
of  3*C/aia. 


The  alaatriaal  resistivity  (p)  was  deterained  by  applying  100  volts 
serosa  aalaatad  aaaplaa  at  rooa  teaperature  as  lag  a  Hewlett  Packard  Nodal 
4140B  pieo-aapacter,  with  the  carreat  walaa  being  raeordad  after  1  alanta. 

laanlta  and  Dlaenaalon 

Analysis  of  x-ray  diffraction  patterns  eonfiraad  that  earaalea  in  the 
binary  systaa  PFN-PNN  ware  single  phase  slaea  a  eoaplata  solid  solution  was 
foraad  for  the  whole  range  of  binary  eoapositions.  The  crystal  systaa  of  the 
various  eoapositions  was  presuaed  to  be  enbie  or  psaudoenbie  as  reported 
elsewhere  (5,4). 

Figure  1  shows  the  dialaetrio  behavior  as  a  function  of  teaperature  for 
various  eoapositions  aoroas  the  PFN-PNN  binary  systaa.  It  is  evident  froa 
Figure  1  that  FNN  exhibits  a  frequency  dispersion  of  the  dialaetrio  aaxiaua, 
i.e.,  the  aaxiaua  dieleotxie  constant  inereases  and  shifts  to  lower 
teaperature s  as  the  frequency  is  decreased.  Such  eoapositions  are  referred  to 
aa  'relaxor'  ferroeleetries.  This  relaxor  characteristic  has  been  attributed 
to  a  statistical  iuhoaogeaeity  in  the  distribution  of  the  B-site  cations 
ereatiag  aicroregioas  of  varying  transition  teaperatures  (Tc),  It  is 
interesting  to  note  that  eoapositions  near  to  PFN  showed  virtually  no 
relaxations!  character,  but  with  increasing  aaounts  of  PNN,  the  dielectric 
aaxiauas  decreased  and  showed  aore  and  aore  frequency  dispersion.  Figure  2 
shows  the  relationship  between  TQ's.  (at  various  frequencies)  as  a  function  of 
the  coaposition.  The  relationship  was  found  not  to  be  linear  as  one  would 
expect  for  a  eoaplata  solid  solution  systaa.  It  can  be  clearly  seen  that  if 
the  T0  for  saaples  having  eoapositions  near  PNN  were  aessured  at  very  low 
frequencies,  e.g.,  0.1  Hx,  then  a  linear  relationship  would  probably  exist. 
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This  nonlinear  bibtTior  of  Tfl's  was  also  reported  by  Toaasawa  at  al.  (5)  for 
tba  Pb(Pa2/3T1/3)03-Pb(Fa1/2Nbi/2^03  »olid  solution  systaa. 

Coapositioas  high  ia  PNN  wara  also  foaad  to  require  bigbar  siatariag 
taaparataras  tbaa  tbosa  aaar  tba  PFN  sida.  Coapositioas  hawing  grsatar  tbaa 
60%  PFN  wara  foaad  to  siatar  at  taaparataras  lowar  tbaa  1000*C.  Along  with 
low  firing  capability,  tbasa  coapositioas  bad  large  dialactrie  aaziaa  as 
aaatioaad  abowa;  bowawar,  coapositioas  aaar  PFN  bad  prograssiwaly  bigbar 
dielectric  losses  aad  lowar  res-istiwities. 

For  tba  raaaiadar  of  this  inwestigation,  tba  eoapositioa  0.6  PFN-0.4  PNN 
bawiag  a  low  firiag  capability,  ralatiwaly  bigb  k  aad  broad  aaziaa 
aaar  rooa  taaparatara  aad  ralatiwaly  low  loss  was  selected  for  farther 
optiaizat ion. 

Firstly,  ia  order  to  iaprowa  tba  dielectric  loss  aad  rasistiwity,  saall 
aaoaats  of  MaO  wara  added,  as  reported  alsawbara  (6).  Since  each  additions 
are  typically  saall,  e.g.,  0.01  wtl,  tba  XaO  waa  added  ia  tba  fora  of  a  water 
solatioa  coatainiag  MnSO^xH^O*  and  daring  tba  ailliag  .prooees. 

Tba  affect  of  the  MaO  additions  oa  rasistiwity  for  warioas  firiag 
conditions  is  prasaatad  ia  Figure  3.  Tba  rasistiwity  was  foaad  to  daeraasa 
with  increasing  firiag  taaparatara.  This  isbeliewed  to  be  due  to  tba  partial 
reduction  of  Fa"**  to  Fe+*  laadiag  to  tba  increased  electron  bole  eoadaetiwity 
coaaoaly  associated  with  Pb  coapoaads  (7).  For  both  firiag  conditions  shown 
ia  Figure  3,  a  wary  large  increase  ia  rasistiwity  was  foaad  for  sdditioas  of 


MaO  as  low  as  0.005  wt%  with  farther  iaproweaents  being  realized  with 
iacraasiag  aaoaats  of  MaO.  Aaoaats  greater  tbaa  0.0S  wt%  wara  yet  to  be 


iawaatigatad,  bat  bawa  been  reported  to  degrade  tba  dielectric  properties  ia 
siailar  systaas  (6).  Figure  4  shows  tba  affect  of  MaO  additions  on  tba 
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dielectric  lost  ss  *  function  of  temperature.  Clearly,  it  is  shown  that  MnO 
additions  rsdnes  dislsetrie  loss,  particularly  the  low  frequency  losses  which 
arc  attributed  to  conduction  processes.  The  MnO  additions  were  also  found  to 
aid  in  the  sintering  process,  further  reducing  the  firing  tenperature. 

Effects  of  the  firing  conditions  on  the  density,  Te,  dislsetrie  constant 
and  loss  for  staples  hawing  the  composition  0.6  P9N-0.4  PNN  with  MnO  additions 
are  presented  in  Table  1.  Also  in  Table  1  are  the  tenperature  coefficients  of 
the  dielectric  constant  at  -30*C»  10*C,  and  SS*C  with  referenos  to  the  wains 
at  23*C.  All  the  staples  reported  in  Table  1  had  resistiwities  greater  than 
lxl010  oha-ca.  As  ewident  froa  Table  1,  the  Tfl  was  found  to  be  slightly 
dependent  on  the  firing  tenperature,  that  is,  Te  increased  with  inoreasing 
firing  tenperature.  No  explanation  can  be  giwen  at  this  tins.  The  dielectric 
eonstant  k  and  density  were  also  found  to  increase  with  firing  teaperature.  A 
siailar  behawior  was  obserwed  with  sintering  tine. 

Upon  SEN  a  icros  true  tarsi  analysis,  it  was  found  that  the  awerage  grain 
sixe  and  uniforaity  increased  with  sintering  teaperatnre  and  tine.  An  awerage 
grain  sixe  of  0.3  to  1.3  aierons  was  obserwed  for  staples  fired  at  900*C  or 
less  for  short  durations  (.£2  hrs),  with  the  grain  sixe  increasing  to  a  asxiaua 
of  about  4  aierons  for  saaples  fired  st  900*C  to  10  honrs  and/or  1000*C  for  3 
hr.  This  behawior  was  also  obserwsd  by  Toaexaws  et  al.  (3)  in  the 
Pb(Fe2/3Vl^3)03-Pb(Fe1/2}n*l/2^3  *7at*B  *®d  by  Swsrtx  et  si.  (10)  in 
PMMg^^M^^Og.  The  latter  attributing  the  grain  sixe  dependence  of  k  on  s 
grain  boundary  woluae  phenoaena  in  which  a  sseond  phase  of  low  k  (pyroehlors, 
incoapletely  reacted  phases,  iapurities,  etc.)  was  distributed  within  the 
grain  boundaries.  As  the  grain  sixe  increases,  the  nuaber  of  boundaries  in 
series  with  the  grain  decreases,  and  the  large  dielectric  constant  of  the 
grains  would  beooae  less  affected  by  a  low  dieleotrio  constant  grain  boundary. 


Staples  that  had  increased  ditlaotrlo  ooastaats  alto  had  iaoreased 
taaparatara  eoaffieiaata  (T.C.'s).  Tha  eoaffieiaata  could  also  ba  aodified 
siaply  by  varying  tha  Tc  with  additioas  of  PbTiOj  (PT).  Tha  dialaetxie 
propartias  of  0.6  PFN-0.4  PNN  with  0.04  PT  aaaplas  firad  at  various  tiaas  aad 
taaparatuzas  ara  also  raportad  ia  Tabla  1.  Thasa  eoapositioas  wara  also  fouad 
to  daasify  at  low  taaparataras  aad  had  gxaia  sixa  affaets  siailar  to  that  of 
0.6  PFN-0.4  PNN.  Ia  gaaaral  tha  dialaotrie  eoaataata  wara  fouad  to  ba  graatar 
thaa  those  without  PT,  with  pash  values  greater  thaa  20,000  baiag  raportad  for 
aaaplas  firad  as  low  as  1000*C  aad  as  high  as  30,000  for  saaplas  firad  at 
11S0*C  for  1  hour,  but  exhibited  axeaadiagly  large  taaparatura  eoaffieiaata 
(aot  praaaatad  ia  Tabla  1).  Further,  tha  Te  aad  thus  taaparatura  eoaffieiaata 
oould  also  ba  varied  by  siaply  varyiag  tha  PFN-PNN  ratio. 

£musx 

(1)  Tha  fb{Fsj/2Nb^j)Oj-PbWij/jMb2/3)0|  systaa  appears  to  fora  a 
ooaplate  solid  solutioa  series.  lowever,  tha  ralatioaship  between  tha  Curia 
taaparatura  aad  eoapositioa  was  fouad  aot  to''be  linear  due  to  tha 
ferroelectric  ralaxor  behavior  of  eoapositioas  near  PNN. 

(2)  Coapoaitioaa  high  ia  PFN  (2.0.6  aola  D  vara  fouad  to  have  low  firing 

C 

capability  (<1000*0,  high  dialaotrie’  eoastaats,  aad  relatively  low 
taaparatura  ooaffieiaata  of  capacitance  ohaaga,  but  high  dielectric  losses  and 
low  electrical  resistivities.  Tha  dielectric  losses  (tea  S)  aad  resistivity 
could  however,  ba  greatly  iaproved  by  saall  additioas  of  MaO,  which  also  was 
fouad  to  ba  a  sintering  aid. 

(3)  A  grsia  sixa  depeadence  on  tha  dialaotrie  ooastant  was  fouad,  baiag 
a  fuaetion  of  siateriag  tiaa  aad  taaparatura. 


(4)  With  PbTiOj  additions  tha  transition  tsnpsratnrs  (Te)  was  sbiftsd 
highar  with,  inp roved  disleotric  eonstanta  being  achieved.  Tha  foil  extent  of 
PbT iOj-PPN-PNN  solid  solntions  has  jat  to  ba  investigated. 

Fotnra  work  will  involve  waps  to  inoraasa  tha  grain  size*  and  to  try 
othar  additives  to  forthar  radnea  dieleotrie  loss  and  inoraasa  elaotrieal 
resistivity.  Also,  tha  coapatibility  of  Ag  and  Ag'Pd  eleotrodas  for  possibla 
■ultilayer  capacitor  capability  should  ba  invastigatad. 
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Figure  3. 


Figure  4. 


Figure  Cautions 

Temperature  dependence  of  the  dielectric  constant  (100  SIIz)  in  tiie 

(x)Pb(Fe2/2^,l/2^3"^"x^',^‘',^l/3f,b2/3^3  b*n*r7  system. 

The  Curie  temperature  as  a  function  of  frequency  in  the 

(x)Pb(Fe2^2^*,i/2^3^"^“x^^'*^l/3^2/3^3  binary  system. 

The  effect  of  i!nO  additions  on  the  electrical  resistivity  for  the 
composition  0.6  PFN-0.4  PUN.  , 

The  effect  of  £InO  auditions  (wt?.>)  on  the  dielectric  loss  (tan  3) 
as  a  function  of  temperature  for  the  composition  0.6  PFN-0.4  PITTT. 
The  samples  were  fired  at  900°C  for  2  hours. 
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▲  PHENOMENOLOGICAL  GIBBS  FUNCTION  FOB  BsTiO,  GIVING  COBKECT 
E  FIELD  DEPENDENCE  OF  ALL  FEBBOELBCTBIC  PHASE  CHANGES 


A.J.  BELL 

Dtpirtatat  of  Caraaica.  Uaiwaraity  of  Laada.  Laada  LS2  9JT 
Eaglaad 

L.E.  CBOSS 

Natarials  Bsaaareb  Laboratory.  Tba  Pennsylvania  Stata 
Uaivaraity.  University  Park.  PA  16802 

Abatraet  Tba  alaatio  Gibb a  faaatioa  for  BaTlOj  iatrodaead  by 
Baaaaaa.  Goawaai  aad  Cross1  kaa  baaa  aodif lad  by  Jaeladiag 
tba  laat  ayaaatry  paraitted  sixth  or  da  r  tara  HP?  PjPj  with  a 
ooafflciaat  H  ■  4*91  x  10®  Va®  C“  .  Tba  faaotloa  pradleta 
tba  eorraat  blgb  alaetrle  flald  behavior  of  tba  low 
taaparatara  farroalaotrio:farroalactrlo  pbaaa  obaagas  la  tba 
siagla  oryatal  aad  saggasts  aa  intereatiag  cbaaga  of  alga  of 
tba  pyroalaetrlo  affaet  at  blgb  flald  lawala  la  tba  iadaced 
tatragoaal  farroalaotrlo  pbaaa. 


Iha  abift  of  Carla  taaparatara  (Tfl)  aadar  blgb  alaatrla  blaa 
f la Ida  la  alapla  propar  farroalaotrlo  oryatala  baa  baaa  aaad  quits 
fraqaaatly  to  ebaraotarisa  tba  aatara  of  tba  pbaaa  ebaaga  at  T. 
aad  to  obtaia  iaforaatioa  aa  to  tba  alga,  aagaitada  aad 
taaparatara  dapaadaaoa  of  bigbar  ordar  taraa  la  tba  Laadaa: 
Glaxburg:DaToaabira  pbaaoaaaologioal  tbaory. 

la  aiagla  oryatal  bariaa  titaaata  (BaTiOj).  Mora2  obaorrad  a 
abift  of  Carla  taaparatara 

ai 

(~)x  -  1.43  *  10'3  E/kV  ea”1 

vbara  tba  aubaorlpt  Z  ladioataa  aaaauraaaata  at  eoaataat  aad  la 
tbia  oaaa  xaro  aaebaaioal  atraaa.  Tbia  dataa.  aad  tba 
oorraapoadiag  doubla  byataraaia  loopa  obaarrad  at  blgb  AC  fialda 
la  BaTlOj  ara  la  good  agraaaaat  vltb  appropriata  Devoasbira 
tbaory. 

It  aboald  ba  poaaibla  to  aaa  tba  alaotrio  flald  dapaadaaoa  of 
tba  lovar  taaparatara  farroalaotrlo: farroalaotrlo  pbaao  ebaagaa  la 
BaTlOj  to  rafiaa  a  aora  ooaplata  tbraa  diaaaaioaal  elaato- 
dialaotrio  fraa  aaargy.  however,  la  tba  past,  data  oa  aaero- 
orystals  baa  aot  astaadad  to  aaffioiaatly  larga  E  flald  levels3  to 
provide  a  aaafal  raaga  to  verify  tba  free  aaargy  faaotloa. 

Vary  raoaatly  Fasaako  aad  Popov*  have  uaad  aa  optical  aatbod 
to  deteraiae  tba  B  flald  dapaadaaoa  of  tba  low  taaparatara  pbaaa 


•kitps  la  BaTiOg  crystals  of  loos  tku  20  |ia  JAiekaess.  This 
szosllsat  data  aatoads  to.  fit  Ida  up  to  630  kV  ca"1  wall  above  ths 
previously  reeogaixed  breakdova  strsagth  of  balk  BaTiOj. 

It  is  ths  paxposa  of  this  papsr  to  dsaoastrats  that  a 
slightly  oztoadod  versioa  of  ths  olaatls  Gibbs  faaotioa  assd 
previously  by  Buessea,  Gosvaai  sad  Cross  (BflC)1  gives  good 
agrssasat  botuosa  prsdiotsd  sad  asasarsd  phass  ohaagss. 

Ths  basis  roasoa  for  wishiag  to  aztsad  sad  rsfiao  ths  BGC 
faaotioa  is  to  bo  ablo  to  calculate  the  iateraal  stress  offsets  ia 
f  iao  graia  bariaa  titaaate**®  over  the  full  raage  of  fsrroelsetrie 
stability  to  eoapare  with  r so eat  asasureaeats  of  graia  size 
effoeta  ia  para  BaTiOg  oeraaies  .  This  latter  work  is  aov  ia 
progress. 


EHBfflBHQLQGICAL  IBBOC 


The  Gibbs  free  eaergy  of  a  perovskite  type  siapls  proper 
>eleetrie  uader  zero  aoehaaieal  stress  (X.i  ■  0)  with  a  aoa 

thi  z4 


aero  eleetrie  field  Bj  applied  parallel  to  thi  zj  azis  aay  be 
ezpressed  ia  teras  of  the  polarisatioa  eoapoaeats  Pt  aloag  ths 

mm  mm  .  ■  *  m  m  A  aft  m  .  m  mm  m  •«  m  m 


azial  direetioas  z^  (i  ■  1*2.3)  of  the  eubie  paraelsetrie  phass  ia 


the  fora 


®1  “  «10  “  A01  "  A(P|+^^)  ♦  B(pJ+pJ+pJ) 

+  C<p{+pJ*pf)  +  DCPjpf+pfpf-ttfpf) 

♦  «<P}P2+PlP24P2P3+P2P3'fP3Pl+PlP3> 

+  H(Pfp§P§ )  -  E3P3 

whore  G10  is  the  eaergy  of  the  uapolsrized  uadeforaed  orystal.  It 
is  the  eaergy  differeaes  AGg  which  is  of  iatersst  aad  which 
deteraiaes  the  ferroeleetrie  stability. 

Ike  ezprsssioa  is  eoaplets  ia  all  syaaetry  peraitted  teras  up 
to  the  6th  order,  but  B  is  eoasidered  oaly  ia  the  special 
direetioa  of  oae  of  the  cube  azes.  Za  Devonshire*.  oaly  A  is 
teaperature  depeadeat.  but  ia  BGC  both  B  aad  C  are  also  liaear 
fuaetioas  of  teaperature. 

The  polarisatioa  eoaditioas  (ia  the  abseaee  of  aa  ezteraal 
field)  which  oeour  at  differeat  teaperatures  ia  the  four  stable 


ferroeleetrie  phases  ia 

BaTiOg  are: 

P1  “  P2  “  P3  "  0 

paraelsetrie  eubie  a3a 

(a) 

pf  *  0  p2  -  p3  -  0 

tetragoaal  4mm 

(b) 

pJ-pJjfcOPg-O 

orthorhoabie  aa2 

(e) 

p*  -pa  -p§  do 

rhoabohsdral  3a 

(d) 

If  the  eoeffieieats  A  to  H  sad  their  teaperature  depeadeaeies  are 
kaowa.  the  fuaetioa  eaa  be  used  to  derive  all  the  dieleetrie 


properties  of  tk«  single  doasia  states  sad  their  rsagss  of 
stability  la  eseh  phase. 

Vor  seek  phase  region,  the  first  der It stive  of  AG^ 

«  AO. 

'ST’i '  *• 

gives  the  field  eoapoaeats  B,  (taken  to  he  aero).  These  eqaatioas 
osa  then  he  solved  to  yield  tae  spoataaeoas  vslaes  of  P^. 

The  seeoad  derivatives  of  AG. 


a2A0.  as. 
(apldPj>x  "  ipj”)  " 


yield  the  dieleetrie  stiffness  Xjj  again  at  eoastsat  sad  sero 
stress. 


To  deteraiae  the  aodif iestioas  to  the  P^,  Xij 
stability  dae  to  high  aoa  sero  vslaes  of  Bg.  it  il 
sabstitate  bseh  into  the  original  eqaatioas  nsw  vsli 
the  fora 


sad  phase 
siaple  to 
is  of  Pg  of 


P3  -  +  APg 

Froa  the  first  derivative  eqaatioas.  vslaes  of  L  eorrespoadiag 
to  saitably  oho  sea  APj  iaoreaeats  osa  be  foaad.  These  aev  vslaes 
of  Pj  sad  Bj  aay  then  be  sabstitated  bseh  iato  the  eqaatioas  for 
AS^  and  for  the  X«  4  to  deteraiae  the  aodif  iestioas  to  the  phase 
stability  sad  to  On  dieleetrie  stiffness  ia  seek  phase. 


The  vslaes  of  the  free  energy  eoeffieieats  A  throagh  0  were 
taken  froa  BGC.  The  eoeffieieat  3  vis  ohosea  so  as  to  give  a 
rhoabohedrsl:orthorhoabie  traasitioa  teaperstare  of  202  X  (-71*0 
ia  elose  agreeaeat  with  reeeat  orystallographic  deteraiaatioa. 
The  fall  set  of  vslaes  is  given  ia  Table  1. 

The  spoataaeoas  eleetrie  polarisations  vers  deteraiaed  by 
solatioa  of  the  first  derivative  eqaatioas  with  Eg  »  0.  Vslaes  of 
AP  vers  then  ohosea  sad  sabstitated  bseh  to  derive  the  aoa  sero 
I*.  The  AP  range  was  ohosea  to  given  Eg  vslaes  froa  0  to  dOO 
kV  oa-1  ia  the  teaperstare  raage  froa  50  to  300  X.  New  Pg  vslaes 
vers  thea  ased  to  ealealate  the  AG^  sad  X^i  vslaes  sad  to 
deteraiae  the  arose  over  between  stable  eolations. 


deteraiae  the  arose  over  between  stable  eolations. 

Figaro  1  shows  the  T  vs  Eg  phase  disgraa  for  BsTiOg  derived 
ia  this  aaaaer.  The  aeasared  traasitioa  vslaes  tskea  froa  the 
esperlaeats  of  Feseako  sad  Popov  sre  saperposed  for  eoapsrisoa. 
The  treads  of  the  two  sets  of  vslaes  sre  ia  very  good  sgreeaeat. 
If  we  were  to  ehose  a  aodif  ied  valae  of  E  ia  the  theraodyasnie 
paraaeters  the  sero  field  rhoabohedrsl:orthorhoabie  trsasitioa 
eoald  be  raised  sad  the  esperiaeatsl  sad  aodel  vslaes  woald  agree 
preoisely.  Siaee,  however,  we  wish  lster  to  aodel  stress  offsets 
ia  high  parity  BsTiOg  eeraaies.  it  appeared  advisable  to  fix  oa 


•v.  ■ 


viImi  iki«i  ttprodvet  the  bast  data  for  low  ftsld  dislsetris  amd 
orystallographio  deteraiaatioa  of  tbs  asro  fisld  traaaitioa.  Ia 
tbs  orthorhoabio: tstragoaal  pbass  obaags,  tbs  aodsl  prsdieta  a 
aaoothly  aoa  liasar  beharior  without  tbs  abrupt  tsraiaatioa  of  a 
abift  obssrrsd  abors  450  bV  oa_1  ia  tbs  sxpsriasatal  data.  Is  ars 
tsaptsd  to  bailors  that  tbia  arras t  obssrrsd  aa y  bs  aa  artifact  of 
tbs  wary  diffiemlt  sspsriasatal  soaditioas  aad  that  tbs  aodsl 
prsdiota  a  aors  ratloaal  rsspoass. 

Tbs  prsdictioaa  froa  tbs  aodsl  faactioa  for  dislsetris 
psralttiritiss  S33  aad  t^,  aad  for  tbs  polarixatioa  P3  ars  girsa 
ia  Figaro  2.  Tbs  ralas  of  tjj  ia  tbs  iadacsd  tstragoaal  pbass  caa 
bs  assa  to  iasrsass  aarhedly  vitb  iaersaalag  fisld.  Presuaably 
tbs  eaergy  aiaiaaa  for  tbs  001  dirsetioa  of  P  dssrsaasa  factor 
tbsa  that  for  tbs  Oil  aiaiaaa.  tbas  tbs  caddis  poiat  bstvssa  tbsa 
is  lowered  aad  tbs  slops  at  tbs  aiaiaaa  will  bs  dsorsassd.  That 
S33  is  lowered  as  tbs  aiaiaaa  ia  tbs  100  dirsetioa  is  lowered  is 
aot  at  all  saxprisiag. 

▲  rsaalt  wbiob  is  aaeb  aors  aaszpsctsd  is  tbs  obaags  of  slops 
ia  tbs  P  rs  T  surra.  Clearly  this  asaas  that  for  fields  abors  200 
kT  oa”  ,  tbs  pyroelastrie  oosffisisat  (p(T)  ■  dP#/ dT)  will  bs  of 
opposite  siga  to  that  with  l«  ■  0. 

Tbis  tread  suggests  taut  das  to  tbs  sbaps  of  C3  rs  T»  AP 
lacrosses  faster  with  tsapsratars  tbsa  Pg  decays.  Sxpsriasats  ars 
aow  bsiag  plaaasd  to  test  tbis  predietioa. 

CONCLUSION 

Tbs  iatrodactioa  of  a  suitable  sixth  order  tera 

_ i-i-t 

**1*2*3 

iato  tbs  aodifisd  Dsroasblrs  faactioa  of  BOC  psraits  a 
pbeaoaeaologloal  dsacriptioa  of  tbs  electric  fisld  dspsadsacs  of 
tbs  low  tsapsratars  ferroelectric: ferroelectric  pbass  ohaages  ia 
BaTiO*  aad  a  T  rs  B  pbass  diagraa  ia  good  agrssasat  with 
experueat. 

▲a  aaszpsctsd  predietioa  froa  tbs  aodsl  is  that  tbs 
pyroelectric  eoeffieieat  p(T)  should  ebaags  siga  at  high  fields  ia 
tbs  iadacsd  tstragoaal  pbass. 
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Table  1.  Values  of  conscancs  used  In  the  sodified  Devonshire 
Free  Energy  Function. 


3.34  x  10 5  (I  -  108) 

YbC"1 

B  -  4.69  x  106  (T  -  120)  -  2.02  x  108 

Fta3  0*  3 

C  -  -5.32  x  107  (T  -  120)  +  2.76  x  10* 

Tta?  C"5 

D  -  3.23  x  108 

Vta3  C~3 

G  -  4.47  x  10* 

C"5 

H  -  4.91  x  10* 

Fta*  C~5 

O, 


The  t amp arature-elac trie  field  p hut  diagram  Tor  Bali< 
■boning  tha  calculated  and  meaaured  bouadariea  of  the 
zhcmbchedral  (H),  orthorboabio  (0)  and  tetragonal  (T) 
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Figure  2 

Calculated  values  of  the  dielectric  permittivities 


(i)  £  „ 

(ii)  £  33 

(iii)  the  electric  polarization  P3  s  Pa  ♦flkP 

a  -  0  kV  cm*1  e  -  400  kV  cm"1 

b  -  100  kV  cm"1  f  -  500  kV  cm'1 

c  -  200  kV  cm"1  g  -  600  kV  cm'1 


d  -  300  kV  cm 


1 


APPSNDU  9 


t 


THE  EFFECT  OF  GRAIN  SIZE  ON  THE  PERMITTIVITY  OF  BaTi03 
A.J.  BELL  and  A.J.  MOULSON 

Department  of  Ceramics,  University  of  Leeds,  Leeds,  U.K. 
and  L.E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State 
University,  University  Park,  Pa.  16802,  U.S.A. 

Abstract  Grain  size  effects  in  polycrystalline  BaTiO.  are 
reviewed  in  terms  of  the  "internal  stress  modal".  3y  '’con¬ 
sidering  polarization  dependent  terms  in  the  Devonshire  free 
energy  expression,  the  dielectric  constant  may  te  calculated 
for  the  whole  ferroelectric  temperature  region,  under  various 
stress  systems.  Encouraging  comparisons  with  measured  values 
may  be  made. 

INTRODUCTION 

Coarse  grained  BaTiO^  (grain  size  >  50  pm)  generally  has  a  rocm 

temperature  dielectric  constant  of  approximately  2000,  which  may 

be  considered  to  be  some  average  of  the  single  crystal  constants, 

Several  authors  have  noted  that  the  dielectric  constant 

increases  markedly  with  decreasing  grain  size,  attaining  a  value 

( 2-4 ) 

of  6000  for  bodies  of  grain  sizes  of  1  pm  or  less 

(5) 

Kinoshita  and  Yamaji  have  shown  (Figure  1)  that  above  the  ferro¬ 
electric  transition  temperature,  T  ,  grain  3ize  has  no  observable 

c 

effect  on  the  dielectric  constant,  although  T  decreases  by  approx- 

c 

imately  28C  in  fine  smiled  material.  In  addition  the  tetragonal/ 
orthorhombic  and  the  orthorhombic/rhcmbohedral  transition  temp¬ 
eratures  are  10°C  higher. 

Based  on  observations  (recently  corroborated  with  Dy-dopea 
^  6 ) 

material  °  )  that  fine  grained  BaTiO,  contains  very  few  JO*  twins, 

•  j 

compared  to  coarse  grained  material,  Suessem  et  ai.  have 
proposed  an  internal  stress  model  to  explain  the  dielectric  o.oasure- 
ments.  The  stresses  caused  by  the  deformation  from  cubit  symmetry 
on  passing  through  tne  ferroelectric  transition  are  relieved  by 


DIELECTRIC  CONSTANT 


u  10000 

mm 

£ 


-200  -100  0 
TEMPERATURE/DEC. C 


Ro.1  Effect  of  grain  si  a  on  the  dielectric  constwt 
of  8aTiO,.  (Ref. 5) 


-200  -too  0  too 
TEMPERA TURE/OEC. C 

Fig.2  Results  of  the  phenomenological  model 
(a)K*0,MK<0  (see  text). 


Figure  2  shows  £  for  zero  stress  and  for  a  phase  dependent  K, 

*  °-052-  K( ortho)  *  °'0a2'  “(rhomb)  *  °-205»-  ^?6000’ 
and  the  lower  phase  transition  temperatures  have  increased  by  10°C, 

similar  to  1  pm  grain  size  material^1 2 3 * 5 6 7.  However  the  large  decrease 

in  the  ferroelectric  transition  temperature  and  the  accompanying 

increase  in  f  predicted  by  the  model  but  not  seen  experimentally, 

(lido 

may  infer  that  the  stress  system  does  not  develop  until  several 
degrees  below  the  transition,  so  that  the  onset  of  tetragonality 
is  not  suppressed;  or  that  there  is  a  polarisation-free  stress 
system  acting- above  T  ,  increasing  the  energy  of  the  cubic  phase. 

G 

i 

!  i 
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Consider  the  model  of  a  single  crystallite  of  SaTiO-  con- 
strained  by  an  isotropic  medium  having  the  bulk  properties  of  poly¬ 
crystalline  BaTiO^.  It  is  evident  from  the  electrostriction 
relations, 

Xij  *  “cijklxkl  "  $ijklPkPlJ  xij  s  “sijklXkl  *  QijklPkPl  ••(4) 

that  the  stresses  on  the  constrained  grain  are  a  function  of  polar¬ 
isation,  where  x^  are  the  strains,  cijkl,  a  x  the  elastic  co¬ 
efficients,  and  ar*  electrostriction  coefficients 

(full  notation).  It  may  be  possible  to  evaluate  and  hence  X^ 
by  a  full  analysis  of  the  model;  however  it  is  convenient  to  assume 
a  proportional  relationship 


’K  si  jkl  PkPl 


...(5) 


where  K  is  some  constant.  Substitution  into  equation  I  reduces  the 
stress  dependent  terms  to  two  terms  in  and  P^P  *  ^ .  Thus 

the  dielectric  constant  may  be  evaluated  with  K  as  the  only  in¬ 
dependent  variable. 

RESULTS  AND  DISCUSSION 

For  convenient  comparison  with  measured  values,  the  polycrystalline 
dielectric  constant,  £  ,  is  taken  as  the  arithmetic  mean  of  the 
single  crystal  values; 


l  *  (£, 


£33). 


(7) 

The  free  energy  coefficients  were  taken  from  the  literature'  ' , 

q  7-5 

except  the  coefficient  H,  for  which  the  value  of  6.65  x  10^  Vm  C 
wa3  derived. 

For  K  independent  of  phase  the  value  of  £  in  the  tetragonal  and 
orthorhombic  phases  increases  with  increasing  K.  However,  the 
tetragonal /orthorhombic  and  orthorhombic/rhombohedral  phase  trans¬ 
ition  temperatures  also  increase  dramatically.  £  =  6000  is  not 
attained  at  room  temperature  as  the  material  becomes  orthorhombic. 


twinning  in  coarse  grained  material;  however,  if  twinning  does  not 
occur  each  grain  must  be  subjected  to  a  stress  system  opposing  that 
deformation.  By  including  stress  terras  in  the  free  energy  express¬ 
ion  for  BaTiO^,  and. using  Devonshire  thermodynamic  methods,  it  was 
shown  that  a  compressive  stress  along  the  c  axis  and  equal  tensile 
stresses  along  the  a  axes  of  80  MPa  produces  a  dielectric  constant 
of  6000  at  25°C. 


THEORY 


The  free  energy  of  a  ferroelectric  in  terms  of  stress,  X^,  and 
polarisation,  P^,  may  be  given  as: 


G1  -  G1()  *  -  i  3]1(X112+X222tX332)-s„(X,4X„+X.X^X.<>X 


12'A1l'i22~'22''33™33<'n)"  *  s12 


(X122*X23  +X31  1  + (Q11X11+Q12(X22+X33) 1P1  +(Q1 1X22+Q12(X1 1+X33) * 
Pj2.(QuXM.Q,2(X]iaM))P3^MU12P,Pa.XMPJP3.X3,P3P1).*(P,J. 

p22+p32  )  >B  ( P 1 A+P2  A+P34 }  +C  ( P 1 6>P26^P  36 )  ( P 1 2P2  2^p22p  32^p32p  1 2 ) 
♦G(P14P22^P12P2<l-fP2AP32*P22P34*P34P12«rf32P14)^H  p^p^2  ...m 

where  s^  are  the  elastic  compliances,  0^  are  the  electrostriction 
strain  coefficients  (reduced  notation)  and  A,B,C,D,C,H  are  the  free 
energy  coefficients.  The  expressions  for  electric  field  and  di¬ 
electric  susceptibility  are 


and 


E  = 


•ij 


^Pi 


S  0 


*^P^Pj  £.o£ij 


...(2) 


...(3) 


By  applying  the  symmetry  conditions  for  polarisation  in  each  phase, 

with  each  component,  P. ,  equal  to  zero  or  +  P  ,  equation  2  may  be 
2  i  —  s 

solved  for  P  at  any  temperature.  Substitution  of  each  solution 
which  satisfies  X  >  0  into  equation  l  allows  the  minimum  free 

energy  state  and  the  dielectric  constants  to  be  evaluated. 
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ABSTRACT 


Porosity  in  monolithic  capacitors  is  known  to  be  an 
electronically  deleterious  micros tructural  defect.  However, 
the  relation  between  the  size,  number,  shape  and  location 
of  these  defects  and  the  consequent  dielectric  properties 
of  the  monolith  are  not  well  understood  from  either  a 
quantitative  or  fundamental  perspective.  To  enable  detailed 
investigations  of  these  effects,  a  process  has  been 
developed  for  the  fabrication  of  barium  titanate  multilayer 
ceramic  capacitors  with  defects  of  known  geometries, 
position  and  number. 

The  fabrication  process  involves  placing  either  planar 
or  spherical  polymeric  pore  precursors  at  either 
intraceramic  or  at  the  ceramic-internal  electrode  interface 
during  the  lamination  process.  Details  of  the  process, 
including  binder,  solvents,  drying  and  firing  conditions 
are  presented.  Scanning  electron  microscopy  (SEM)  is  used 
to  demonstrate  the  reliability  of  the  process.  Electrical 
property  measurements  indicate  that  increased  degradation 
of  the  dielectric  material  occurs  with  increasing  porosity 
and  average  pore  size.  Macrodefect  location  within  the 
multilayer  ceramic  capacitor  structure  also  determines  the 
magnitude  of  the  deleterious  effect  on  the  dielectric 
properties.  When  macrodefects  are  introduced  solely  on  the 
same  plane  as  the  internal  electrode  the  dielectric 
constant  is  greater  than  what  is  observed'  in  a  multilayer 


ceramic  capacitor  with  the  sane  concentration  o f 
macrodefects  which  have  been  introduced  only  within  the 
dielectric  layers.  These  property  effects  are  presented  to 
permit  a  more  detailed  understanding  into  property  effects 
due  to  processing  related  porosity. 
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Abstract  The  c-axis  oriented  thin  films  of  SbSI  are  pre¬ 
pared  by  the  recrystallization  of  the  amorphous  SbSI  films. 
The  recrystallized  films  show  the  pyroelectric  properties 
and  have  a  dielectric  capacitance  between  0. 2-0.5  jjF/cm^ 
and  the  tan  <5  <1%. 


INTRODUCTION 

SbSI  is  one  of  the  most  important  members  of  the  large  family 
of  aVbVICV1I  ferroelectric  compoundsl-^.  In  the  ferroelectric  phase 
below  22°C  it  belongs  to  an  orthorhombic  point  group  mm2,  and  has 
very  large  structural  and  growth  anisotropy  along  the  polar  c-axis. 
In  the  case  of  single  crystal,  the  growth  rate  along  c-axis  is 
about  50  times  faster  than  that  of  along  a  or  b-axis.  SbSI  has 
very  interesting  piezoelectric  and  pyroelectric  properties.  It  also 
has  a  large  anisotropy  in  the  dielectric  properties  and  the  dielec¬ 
tric  constant  along  the  c-axis  is  'MixlO4  at  the  Tc.  These  interest¬ 
ing  properties  along  with  its  growth  anisotropic  characteristics 
make  SbSI  an  attractive  candidate  material  for  the  study  of  c-axis 
oriented  thin  films.  In  the  past,  some  attempts  have  been  made  to 
produce  thin  films  of  SbSI  by  the  chemical  vapor  deposition  and 
thermal  evaporation  of  SbSI  with  the  purpose  of  studying  the  switch¬ 
ing  behavior  and  the  memory  effect  in  the  semiconductor-dielectric 

thin  film  junction^-S. 

In  this  paper  we  report  the  preparation  of  single  crystal  thin 
films  of  SbSI  and  their  pyroelectric  and  dielectric  properties. 

EXPERIMENTAL  AND  RESULTS 

Thin  films  of  SbSI  were  prepared  by  the  vacuum  thermal  evapora¬ 
tion  of  SbSI  single  crystals.  SbSI  single  crystals  used  as  the 
source  material  were  gorwn  by  the  Bridgman  method.  Evaporation  was 
conducted  through  resistance  heating  of  a  tungsten  filament  in  a 
vacuum  of  about  10“  5  torr.  Evaporation  was  done  well  below  the 
decomposition  temperature  of  SbSI  in  order  to  deposit  a  stoichio¬ 
metric  film. 

SbSI  films  were  deposited  on  a  variety  of  substrates,  such  as, 
(a)  Plain  glass  slides,  (b)  Au-coated  glass  slides,  (c)  SnC>2(F) 
coated  glass  slides,  (d)  Silicon  wafers. 
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In  most  of  the  experiments,  the  substrate  was  kept  at  room 
temperature.  During  the  evaporation  process,  the  substrate  tempera¬ 
ture  increased  to  about  80aC  depending  on  the  evaporation  conditions 
(e.g.  source  temperature,  source  to  substrate  distance,  etc.). 

Films  thus  prepared  were  continuous,  free  of  cracks  and  pin- 
holes.  X-ray  diffraction  studies  showed  a  poor  crystalline  nature 
of  the  SbSI  films. 


Successive  annealing  was  done  to  enhance  the  single  crystal 
growth  in  the  films.  The  samples  were  annealed  in  closed  containers 
in  a  globar  furnace.  Several  trial  runs  showed  that  the  tempera¬ 
ture  range  between  100®C  -  200“C  was  suitable  for  the  recrystalllza- 
of  the  films. 

Two  different  atmospheric  conditions  were  used  for  annealing, 
(a)  Atmospheric  conditions  in  a  closed  container,  and  (b)  Iodine 
atmosphere. 

The  crystallized  films  were  predominantly  oriented  along  the 
polar  c-axls  as  indicated  by  the  x-ray  diffraction  studies  (Figure 
1). 


The  relative  Intensity  of  002  x-ray  diffraction  peak  was  taken 
as  the  measure  of  the  degree  of  preferred  orientation  of  the  c-axls 
in  the  SbSI  film.  The  optical  microscopic  studies  revealed  no  flaws 
such  as  cracks  and  pinholes  in  these  films.  SEM  studies  showed  the 


0E9RCES  29 


microstructure  of  the  films 
(Figure  2).  There  were  needle- 
shaped  crystallites  of  'v-0.2  y 
diameter  size  throughout  the 
film  and  those  were  oriented 
along  the  length  of  the  needles 
From  the  typical  growth  behavior 
of  SbSI  crystals,  x-rays  and  SEM 
studies,  it  was  concluded  that 
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Figure  1. 


Figure  2. 
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these  needles  were  oriented  parallel  to  the  c-axis  of  SbSI.  The 
different  parts  of  the  film  did  show  some  relative  mlsorlentation 
In  the  film.  X-ray  diffraction  studies  also  Indicated  the  presence 
of  Sb2$3  In  some  of  the  films.  Such  films  gave  a  strong  (002) 
diffraction  peak  (2d  ^  47*)  corresponding  to  the  c-axis  oriented 
Sb2S3  needles.. 

The  recrystallization  behavior  of  SbSI  films  deposited  on  the 
various  substrates  used  In  the  studies  was  almost  Identical.  The 
films  deposited  on  the  gold  or  Sn02  coated  substrates  were  used  for 
the  electrical  measurements.  Au  electrodes  were  deposited  on  such 
films. 

SbSI  films  were  poled  with  a  field  of  1  KV/cm  while  cooling 
down  through  the  phase  transition.  Pyroelectric  response  of  these 
films  was  measured  by  the  Byre  Roundy  technique.  Figure  3  shows 
the  temperature  dependence  of  the  pyroelectric  current  of  recrystal¬ 
lized  SbSI  single  crystal  film  on  Sn02  substrate.  Pyroelectric 
current  peaks  up  near  10*C,  corresponding  to  the  Tc  In  the  SbSI 
film.  The  pyroelectric  peak  near  the  transition  is  rather  broad. 

It  could  be  due  to  the  compositional  variation  In  the  SbSI  crystal¬ 
lites.  Although  the  effect  of  stresses  in  the  film  could  also  pro¬ 
duce  such  shift  in  the  Tc  towards  lower  temperature.  The  dielectric 
measurements  were  made  on  several  SbSI  films  deposited  on  Au  or  Sn(>2 
coated  glass  slides.  A  computer  controlled  HP  4274A  multifrequency 
LCR  meter  was  used  for  the  measurements.  The  measurements  were 
made  at  frequencies  1  KHz  to  100  KHz  with  the  SO  V/cm  a.c.  field. 
Figure  4  shows  the  temperature  dependence  of  the  dielectric  constant. 
K  vs  T  peak  showed  the  Tc  ^  10*C,  lower  than  the  Tc  observed  In  the 
single  crystal  of  SbSI.  Also  there  was  a  substantial  broadening  In 
the  dielectric  maxima.  The  dielectric  loss  in  the  film  was  M-l  over 
the  measured  temperature  range  (Figure  5). 

The  broadening  in  the  dielectric  peak  could  be  due  to  the 


lower  packing  density  of  the  crystallites  and  jthe  Inhomogeneity  in 
the  chemical  composition  of  the  SbSI  needles.  It  Is  also  known  that 


the  shear  stresses  in  SbSI  single 
crystal  shifts  the  Tc  towards 
lower  temperatures  and  since  the 
heteroepitaxy  films  generally 
have  the  built  in  stresses,  it 
does  support  the  lower  Tc 
observed  in  SbSI  films.  The  low 
packing  density,  shear  stresses 
and  the  crystalline  mlsorlenta- 
tlons  may  also  be  responsible 
for  the  lower  dielectric  constant 
of  the  SbSI  film.  Since  the  SbSI 
films  are  prepared  on  the  amor¬ 
phous  substrates,  the  orienta¬ 
tion  and  composition  of  the 
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Interfacial  layer  may  also  be 


Figure  3. 
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playing  an  important  role  in 
Influencing  the  dielectric  pro¬ 
perties  of  the  films.  There  is  a 
possibility  of  series  connections 
of  the  SbSI  needles  in  the  film 
especially  near  the  interface 
area.  Detailed  studies  are  in 
progress  to  Investigate  the  effects 
of  the  interface  layer  on  the 
dielectric  constants  of  SbSI  films. 
The  capacitance  of  the  SbSI  films 
prepared  was  in  the  range  M).2- 
0.5  uF/cm2  and  with  a  typical 
loss  factor  of  1%. 

SUMMARY 

1)  SbSI  films  with  a  high 
degree  of  preferred  orientation 
parallel  to  the  c-axls  are  pre¬ 
pared  on  the  amorphous  and  poly¬ 
crystalline  substrates  by  the 
thermal  evaporation  of  SbSI  and 
subsequently  annealing  the  films 
between  100-200° C. 

2)  The  recrystallized  films 
could  be  poled  and  showed  a  pyro¬ 
electric  response. 

3)  The  well  oriented  films 
have  the  capacitance  between  0.2- 
0.5  yF/cm2  and  the  typical  dielec¬ 
tric  loss  tangent  <1Z. 


Figure  4. 
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Figure  5. 
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QUASI- STATIC  CAPACITANCE  AND  ULTRA  SLOW  RELAXATION  OF  LINEAR 
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Abstract  The  time  dependence  of  quasi-static  capacitance  of 
linear  and  non-linear  materials  can  be  measured  using  a  con¬ 
stant  voltage  ramp  method.  The  measured  data  are  consistent 
with  a  theoretical  equation  derived  from  a  superposition 
theorem.  The  capacitance  of  fast  polarization,  saturated 
polarization  and  the  time  constant  of  the  relaxation  process 
can  be  obtained  using  a  non-linear  least  squares  method.  Ultra 
slow  relaxation  for  linear  dielectrics  and  ferroelec tries  are 
reported. 


INTRODUCTION 

Recently,  the  interest  in  quasi-static  capacitance  and  ultra 
slow  relaxation  of  linear  and  non-linear  dielectrics  has  been 
Increasing  rapidly.  Some  Important  structural  information  includ¬ 
ing  the  macro- inhomogeneity  of  dielectrics  and  the  ultra  slow  relax¬ 
ation  of  ferroelectrics  domain  can  be  obtained  from  the  time  depend¬ 
ence  of  the  quasi-static  capacitance.  In  this  new  technique,  the 
capacitance-time  dependence  of  the  sample  is  measured  directly. 

The  time  constant  of  ultra  slow  relaxation  of  the  material  can  be 
calculated  and  the  ultra  low  frequency  dielectric  response  of  the 
material  can  be  obtained  using  a  simp It  Debye  relaxation  formula. 

This  technique  as  well  as  the  ultra  low  frequency  dielectric  measure¬ 
ment^-  and  the  DC  transient  measurement?  are  very  useful  techniques 
in  studying  the  ultra  slow  dielectric  response  of  the  materials. 

MEASURING  SYSTEM  AND  RESULTS 

Figure  1  is  a  schematic  diagram  of  the  measuring  system.  The 
sample  under  study  is  connected  to  a  ramp  voltage  source  through  a 
high  sensitivity  plcoammeter.  Samples  are  held  at  the  starting  volt¬ 
age  for  a  time  period  long  enough  to  saturate  the  dielectric  at 
that  voltage.  Then  the  applied  voltage  starts  to  ramp  down  or  up 
toward  the  finishing  voltage.  The  voltage  ramp  is  divided  into 
many  steps.  The  total  current  passing  through  the  sample  is  taken 
at  each  step  voltage.  An  integrating-averaging  technique  has  been 
used  to  minimize  the  noise  in  the  measurement  of  low  currents.  The 
measurement  is  under  computer  control. 
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Figure  1.  Schematic  diagram  of  the  constant  voltage  ramp 
method  (a)  voltage  ramp  from  +V,  (b)  voltage 
ramp  from  -V. 

At  any  Instant  of  time,  the  current  measured  in  a  high  sensi¬ 
tivity  picoammeter  is  the  sum  of  a  conduction  current  Ic  »  V/R^ 
and  a  dielectric  displacement  current  Iq  *  dQ/dt.  The  Ri  is  an 
Instantaneous  resistance  at  the  voltage  level  V  and  the  Q  is  the 
charge  stored  in  the  capacitor.  The  quasi-static  capacitance  C 
is  defined  as 

C  -  ^/(dV/dt)  (1) 

In  order  to  get  an  accurate  measurement  of  the  quasi-static 
capacitance,  the  separation  of  the  displacement  current  from  the 
conduction  current  is  very  important  for  the  samples  with  low 
resistance  measured  at  low  voltage  ramp  rates.  From  the  schematic 
diagram  of  the  measurement  circuits.  Figure  1,  it  is  clearly  shown 
that  the  displacement  current  and  the  conduction  current  are 
always  opposite  in  sign  in  spite  of  Che  voltage  ramping  up  from  a 
negative  starting  voltage  or  ramping  down  from  a  positive  starting 
voltage.  Therefore,  a  compensation  point  is  expected,  at  which 
the  displacement  current  and  Che  conduction  current  are  equal  in 
magnitude  but  opposite  in  sign.  Hence,  the  pseudo  capacitance 
measured  as  the  total  current  divided  by  the  ramp  rate  at  the  com¬ 
pensation  point  is  zero.  Figure  2(a)  is  an  example  taken  for  a 
mica  capacitor.  The  capacitance  with  respect  to  the  applied  vol¬ 
tage  measured  as  the  total  current  divided  by  the  ramp  rate  is,  in 
this  case,  clearly  dominated  by  conduction.  The  compensation  point 
moved  toward  higher  voltage  when  the  ramp  rate  was  increased.  For 
samples  with  high  resistance  or  measured  at  a  high  ramp  rate,  the 
Influence  of  the  conduction  current  can  be  small.  Figure  2(b)  is 
an  example  taken  for  a  polystyrene  capacitor. .  The  capacitance 
measured  at  different  voltages  does  not  change. 

To  separate  the  displacement  current  from  the  total  measured 
current,  the  zero-crossing  method  has  been  used.  Clearly,  at  any 
time  when  V  ■  0,  the  conduction  component  of  current  Ic  must  go 
to  zero.  Thus,  by  starting  the  voltage  ramp  from  a  fixed  positive 
or  negative  voltage  and  by  ramping  at  a  fixed  rate  to  zero  voltage 
and  measuring  the  instantaneous  current  exactly  at  zero  crossing, 
the  conduction  may  be  eliminated,  and  the  pure  displacement  current 
and  quasi-static  capacitance  explored.  Therefore  only  the 
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Figure  2.  Relationship  between  the  capacitance  and  applied 
voltage  of  the  mica  capacitor  (a)  and  polystyrene 
capacitor  (b) . 


capacitances  on  the  zero  voltage  axis  in  Figure  2(a)  and  2(b)  are 
real  quasi-static  capacitances  of  the  samples. 

The  time  dependence  of  quasi-static  capacitance  can  be  obtained 
from  the  superposition  theorem.  For  a  linear  dielectric,  the 
electrical  displacement  D(t)  is  given  by 

D(t)  -  +  !l  E(t’)-f(t-t,)-dt’  (2) 

where  E(t)  is  a  function  of  the  time  that  the  electric  field  is 
applied,  f(t)  is  a  decay  function  of  the  dielectric  polarization. 

For  a  constant  voltage  ramp  and  simple  relaxation  process,  the  time 
dependence  of  quasi-static  capacitance  can  be  obtained  from  equation 

(2)  .1 

C(t)  -  cw+  (c,-c„)(l-  f  +  f  e  T)  (3) 

where  is  the  capacitance  of  the  fast  polarization,  C  is  the 
capacitance  response  to  the  total  polarization,  T  is  the  time  con¬ 
stant  of  the  relaxation  process. 

There  are  two  alternative  ways  to  measure  the  time  dependence 
of  the  quasi-static  capacitance  -  fixing  the  starting  voltage  and 
measuring  the  quasi-static  capacitance  at  different  ramp  rates,  or 
fixing  the  ramp  rate  and  measuring  the  capacitance  from  different 
starting  voltages.  For  a  linear  dielectric,  the  results  of  the  two 
methods  are  identical.  Figures  3(a)  and  3(b)  show  the  time  depend¬ 
ence  of  the  quasi-static  capacitance  of  a  mica  capacitor  and  a 
ceramic  capacitor.  The  slow  relaxations  explored  in  these  capaci¬ 
tors  are  probably  of  the  Maxwell-Wagner  type  originating  from  the 
Inhomogeneity  of  the  dielectric  and  the  build-up  of  space  charge 
within  the  dielectric.  In  contrast,  the  capacitance  of  polystyrene 
has  almost  no  change  up  to  2000  sec. 
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Figure  3.  Time  dependence  of  che  quasi-scacic  capacitance 

of  a  mica  capacitor  (a)  and  ceramic  capacitor  (b). 
The  solid  line  is  the  calculated  curve  from  equa¬ 
tion  (3)  fitted  by  computer. 


The  experimental  data  of  the  time  dependence  of  the  quasi- 
static  capacitance  can  be  fitted  to  the  theoretical  (3)  using  the 
least  squares  method.  The  important  parameters  of  dielectric, 
relaxation  -  C^,  Ca,  T  -  can  be  obtained.  The  calculated  fitting 
curves  based  on  equation  (3)  are  also  plotted  on  the  figures. 


QUASI-STATIC  CAPACITANCE  OF  FERROELECTRICS 

It  is  expected  that  the  time  dependence  of  the  quasi-static 
capacitance  can  be  related  to  the  very  slow  processes  of  the  domain 
contribution  to  the  total  polarization.  Measurements  on  some  ferro- 
electrics  have  also  been  made.  Figure  4(a)  is  the  time  dependence 
of  the  capacitance  of  a  commercial  soft  PZT  sample.  For  the  poled 
sample,  no  significant  change  of  capacitance  can  be  observed,  while 
for  the  depoled  sample,  a  clear  time  dependence  of  capacitance  is 
evident.  The  difference  of  the  capacitance  Cg-C^  obtained  from  the 
computer  fitting  calculation  is  a  measure  of  the  very  slow  domain 
contributions  to  the  total  polarization.  The  time  constant  T  can 
be  related  to  the  response  of  the  domain  adjustment  process  to  che 
electric  field  applied.  For  che  lead  lanthanum  zirconate  clcanace 
(PLZT)  with  composition  8:65:35,  where  8  is  the  substitution  ratio 
of  lanthanum  to  lead,  and  65:35  is  the  atom  ratio  of  zirconium  to 
titanium,  the  same  result  as  the  soft  PZT  is  shown  in  Figure  4(b)'. 

SUMMARY 

The  time  dependence  of  the  quasi-static  capacitance  can  be 
measured  using  the  constant  voltage  ramp  method.  The  measured 
data  of  che  time  dependence  of  capacitances  are  consistent  with 
the  theoretical  equation  derived  from  the  superposition  theorem. 

The  capacitance  of  fast  polarization  C^,  the  capacitance  of  che 
saturated  capacitance  Cs,  and  the  time  constant  can  be  obtained 
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Figure  4.  Time  dependence  of  quasi-static  capacitance  of  a 

soft  PZT  (a)  and  PLZT  (b).  For  the  depoled  sample 
of  soft  PZT,  C^  -  200.6  PF,  Cs  -  266.8  PF,  T  - 
524.1  S.  For  the  depoled  sample  of  PLZT,  C^  • 
338.7  PF,  Cs  -  405.6  PF,  T  -  356.0  S. 

using  a  non-linear  least  square  method  to  fit  the  experimental 
data  to  the  theoretical  equation.  The  method  can  be  used  to  study 
the  ultra  slow  relaxation  in  dielectrics  and  the  very  slow  domain 
process  of  ferroelectrics. 
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PTBOELECTEIC  PtOPBKTIBS  OP  THE  MODIFIED  TEIGLXCINE  SULPHATE 
(TGS)  SINGLE  CBZSTALS 
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Abstract— Several  dopiag  substitutions  (Li*.  Mb*1,  D*.  P**. 
As+3) ia  tke  T6S  structure  Have  beea  studied  and  the 
pyroelectric  aad  dieleetrio  properties  aeasured.  Ia  tke  ease 
of  TGS  aiagle  crystals  aodified  by  partial  sabstitatioa  of 
(PO4)”*  aad  (AiOi)"*  groups  for  tke  (SOg)”**  kigker 
pyroelectric  coefficients  aad  aa  eakaaeeaeat  of  tke 
pyroelectric  aaterial  figure  of  aerit  (p/D  >  2  x  TGS  kave  beea 
observed* 

Siagle  eryetal  triglyoiae  salfate  (TGS)  is  a  widely  used 
aaterial  ia  the  pyroeleetrie  devisee.  It  shows  tke  aost  attractive 
pyroelectrie  properties  aad  has  tke  basic  pyroeleetrie  aaterial 
figure  of  aerit  p/E  —  1.1x10"*  C/a2I  (p  is  tke  pyroeleetrie 
coefficient  aad  I  is  tke  dieleetrio  eoastaat  of  tke  crystal). 
Siagle  crystals  of  aodified  eoapositioas  of  TGS  suoh  as  DIGS.  1GFB, 
DTGFB.  TGSe  aad  solid  solutions  aaoag  these  various  faaily  aeabers 
kave  shown  even  aore  proa  is  tag  pyroeleetrie  properties!*?  (e.g*.  tke 
figure  of  aerit  for  DTGFB  ;  l«SzTGS)* 

Eeeeatly  we  kave  tried  various  ioaie  (Li*.  Ma+l,  D*)  aad 
radical  group  (POg*.  AsOl3)  substitutions  ia  tke  TGS  structure*”*. 
Doped  siagle  crystals  of  TGS  are  grown  froa  tke  saturated  solutions 
of  TGS  aodified  with  specific  coaceatratioae  of  tke  respeetive 
dopants  (Fig.  1).  Ia  this  paper,  we  report  tke  results  of 
pyroelectric  aeasureaeuts  Li*  aad  Ma+*  doped  aad  phosphate  aad 
arseaate  substituted  TGS  siagle  crystals. 

Siagle  crystals  of  T6(SP)  aad  TG(SAs)  were  growa  by  slow 
cooling  of  tke  saturated  solutions?  with  eoapositioas 

3  (NH2GH2C00H)  •  (l-x^SOg'xHgPOg 
aad  3 (NHjCHjCOOH) • U-xJHjSOg'xHjAsOg 

(+  a  few  %  alaaiae)  respectively.  (010)  plates  of  0*3  aa  thick  were 
prepared  aad  ooated  oa  both  sides  with  gold  electrodes. 
Pyroelectric  aad  dielectric  properties  ia  tke  teaperature  range 
between  -30*C  to  70#C  were  aeasured  by  usiag  tke  eoaputer  controlled 
set-up.  Tke  pyroelectric  coefficients  were  aeasured  by  tke  Byer- 
Eouady  Technique!*. 

Figures  2  aad  3  show  the  results  of  tke  pyroeleetrie  sad 
dieleetrie  acasursaeats  oa  tke  ATG(SP)  aad  ATG(SAs)  siagle  crystals. 
The  eoaputed  values  of  tke  spoatsaeous  polarization  (Ps)  aad  tke 
figure  of  aerit  (p/K)  at  various  teaperatures  are  also  shown  ia 
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Figures  2  and  3.  The  p,  Pa  and  p/K  Taint a  act  larger  bp  a  faetos  of 
2  than  thoaa  of  pssa  TGS. 

Pproelectrie  properties  of  soae  Important  single  orpstal 
■atariala  of  tha  TGS  fsailp  along  vith  ATG(SP),  ATG(SAa).  LTGS  and 
MTGS  (Ll+  and  Mn+*  dopad  TGS  respeotivelp)  aca  liatad  in  Tabla  1. 
daarlp  tha  (POg)”^  and  (AaOg)"3  substituted  TGS  crpstals  have  tha 
baat  pproeleetrie  properties  at  tha  aoat  daairabla  oparatiag 
taaparatnra  (*25*0. 

Tha  Carla  aonatant  -4il03/'C  of  ATG(SP)  and  ATG(SAa)  vaa 
ealaalatad  fxoa  tha  1/K  vs  T  plota  in  tha  paraalaetrie  raglon  to 
derive  tha  Curie-Veiss  lav.  Tha  ratio  of  tha  alopaa  of  tha  earraa 
1/K  va  T  (fig.  4)  in  tha  farroalaatrio  and  paraalaetrie  ragiona  vaa 
tppioallp  between  2-3  indioating  tha  doaiaaatlp  aaeond  order 
tranaition. 

It  ia  rather  intereating  to  note  that  at  rooa  taaparatnra  tha 
apontanaona  polaxiaation  in  tha  aaaa  of  ATG(SP)  and  ATG(SAa)  haa 
increased  bp  a  faator  of  alaoat  two  aoaparod  to  that  of  TGS  bat 
there  ia  aaaantiallp  no  ohanga  in  tha  dieleetrle  constant, 
tranaition  taaparatnra  or  tha  orpstal  atrnatara.  Aoeording  to  tha 
thesaodpaaaieal  aodal  of  Devonshire,  tha  farroalaatrio  behavior  of 
TBS  nan  be  desoribed  bp  tha  free  anargp  expression 

F(T)  ■  F0(j)  >  0(T-To)P*  +  t/4  P^  *  i/6  P*  *  higher  order  taraa  (1) 

vhaxa  0,  t»  4  are  related  to  tho  dioleetrlo  atlffnasa  and  higher 
order  stiffness  eoaf f iaianta.  Considering  tha  taaparatnra 
dependence  of  tha  coefficients  0,  p»  *•  the  following  tharaodpnaaie 
relation  can  be  derived 


p/(K-l)  ((dp/dUP*  ♦  (d*/dr>p{  *  higher  order  taraa] 


For  tha  aaaa  if  0,  p  and  i  are  independent  of  taaparatnra, 
expression  siaplifi.es  to 


(2) 

tha 


p/(X-l)  -  P#/c  (3) 

and  is  independent  of  tha  snaber  of  higher  order  taraa  considered  in 
agnation  (1). 

Bp  iaelnding  tha  eight  order  taras  in  agnation  (1),  Zaraa  and 
Halperinl2  shoved  a  good  sgrecacat  between  tha  ealenlatad  and 

experimental  valnas  of  Pg  ia  TBS  ia  tha  taaparatnra  ranga  froa  Tc  to 
1IMV.  Bp  considering  tha  isotheraal  dialaotrie  susceptibility*3, 
Sapaonr  at  al.  fonnd  a  anah  elosar  agraaaaat  between  tha  p/K  and 
F./C  np  to  20*C  below  T«. 

It  appears  that  tha  large  increase  in  tha  P#  0f  ATG(SP)  and 
ATG(SAs)  asst  be  aontribntad  bp  tha  large  teaperatnre  dependenee  of 
0,  r»  S  sad  higher  order  taraa  ia  agnation  (1).  This  is  also 
evident  froa  tha  p/X  vs  T  plots  for  ATG(SP)  and  ATG(SAs)  (Figs.  2 
and  3).  Tha  p/K  vs  T  carve  deviates  to  a  great  extent  froa  the  P# 
vs  T  behavior  saggestiag  that  coatribntions  froa  higher  order  terns 
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o«e«s.  The  passliag  «>»*»*•  ot  P,  aad  of  p/K  ootxld  then  bo  doe  to 
oitbor  tbo  skiigi  U  the  aagaitade  of  0,  y,  i  or  their  largo 
teaperatare  dopeadeaeo  ia  tbo so  aodifiod  TGS  atraotaro. 

Tbo  powder  x-ray  dlffraetloa  atadloa  of  tbo  aodifiod  TGS 

eoapoaitioaa  iadloato  ao  aajor  atraetaral  ebaago  dao  to  (TOg)-*  an<l 
(AaO^)-3  sabatitatioa  bat  tbo  fartbor  verification  ia  needed  ia  tbia 
aattor. 

Thao  tbo  proaoat  atadioa  aaggoat  that  ATG(SAa)  and  AZG(SP)  aro 
aoat  aaofal  pyroeleetrie  aatoriala  aad  aro  qaito  iaozpoaairo  to 
prodaeo.  Various  aolid  aolatioaa  of  ATG(SAa)-ATG(SP)  aad  tbo  offoct 
of  doatoriaa  sabatitatioa  for  hydrogen  ia  tboao  crystal  a  aro  aador 
iaweatigatioa. 
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Table  1..  Pyroelectric  Propertiea  of  tbo  TGS  Faaily  (Optima  Teap.). 


Material 

K 

9, 

|iC/a2K 

liC/ca2 

(•&> 

J/K 

xlO  r  C/azK 

TGS 

30 

330 

3.0 

49 

1.1 

DIGS 

19 

270 

42 

1.4 

1GFB 

14-14 

210-240 

73 

1.5 

DTGFB 

11-14 

190-240  • 

4.3 

75 

1.7 

LTGS 

40 

400 

3.7 

49 

1.0 

MTCS 

40 

340 

4.4 

49 

1.2 

ATCSP  (25*0 

30-32 

450 

5.0 

51 

2.0 

ATGSAa  (25*) 

32 

700 

4.0 

51 

2. 1-2. 3 
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THE  UISUWTH  AMO  PROPERTIES  OF  A  NEU  ALANINE  AND  PHOSPHATE 
SUBSTITUTED  TRICLYCINE  SULPHATE  (ATUSP)  CRYSTAL 


C.S.  FAMC  ,  YAO  XI  ,  A.S.  BIIALI.A  AMO  L.E.  CROSS 
Materials  Research  Laboratory,  TIki  Penney lvania  Scats  Univer¬ 
sity,  University  Park,  PA  16602 

Abstract  A  — Hiified  alanine  doped  triglycine  sulphate  (ATGS) 
crystal  lias  beau  grown  with  partial  substitution  of  II2SO4  with 
II3PO4.  Growth  of  tint  ATUSP  crystal  f run  u  unipolar  ATGS  seed 
In  tli*  temperature  rungu  3O-40*C  gives  a  unipolar  bulk  crystal 
with  lower  permittivity  fcr  30)  ami  higher  pyroelectric 
coefficient  (6.5* 10"4  c/k.m-)  than  pure  TCS.  to  the  doping 
range  used,  the  hi alter  pyroelectric  coefficient  is  traced  to 
a  significantly  larger  spontaneous  polarisation  P„  (^5  uc/ca- 
ut  room  temperature).  Tangent  <S  te  below  0.01  over  die  whole 
frequency  rungu  (roe  100  Us  to  100  Khz. 


INTiminiCTlOM 

Triglycine  sulphate  la  a  well  known  ferroelectric  crystal  which 
Is  widely  usuil  in  pyroelectric  applications.  Large  crystals  of  very 
good  optical  quality  can  be  grown  from  water  solution  and  have  been 
extensively  studied.  In  ordur  to  aodify  and  Inprova  properties  for 
application  a  range  of  'doping s'  Itave  boon  tried  Including  deuterium 
substitution  (DTGS) ,  alanine  substitution  (ATGS)  and  eubetitution 
of  the  sulphucu  group  with  f  luubefv I  lata  (UrCFB)l*7.  By  some  of 
those  substitutions,  thermal  depot  lug  can  be  reduced  and  the  Curia 
temperature  raised. 

In  the  following  experiments,  wc  have  explored  the  effects  of 
partial  substitution  of  sulphuric  acid  with  phosphoric  acid  in  the 
growth  system,  demonstrating  tliut  the  phosplwte  Ion  can  be  incorpor¬ 
ated  In  the  structure  to  form  (MllaCII^COOH) j(H2S0O  ( j.-X)  <Tl3P04)x 
abbreviated  ATUSP. 

•  •  .*  • 

Cti«|jur(nK  Louie  null l  $+*(()•  26A),  Sc^(0e43«\)v  B<r~(0.41A)  and 
P+5(0.  '31  A) ,  It  is  porluips  not  surprising  that  low  levels  of  H3PO4 
can  be  Incorporated  without  structural  change.  Mure  surprising 
Is  the  rather  ma|or  affect  of  such  low  level  substitution  upon  the 
hulk  pol.irix.,1  Ion  and  pyroelectric  cnvl  ficienls. 
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EXPEttUIEMI 

Single  Crystal  Growth 

Triglyclnn  aulpliatc  is  usually  formed  by  the  chemical  reaction 
JNU.UI.CUUU  +  lNII_tai.,CCH)||)  H..SO, 

In  the  ease  of  phosphoric  uclil  substitution,  tin*  reaction  is 
3  MH2CH2COOH  +  (i-x)ll2S04  +  xll3P04 
(nii2ch2cooh).j(1-x)h2so4xii3po4 

For  the  alanine  substitution  a  swill  amount  of  the  l.evo  alanine 
is  substituted  for  glycine  to  prepare  the  ATCSI’  composition.  The 
saturated  point  of  solution  Is  controlled  at  42”C  and  the  pH  value 
Is  in  range  of  2, 3-2.5. 

A  seed  crystal  of  single  domain  ATCS  is  used  to  Initiate 
growth  which  proceeds  by  slow  cooling  In  the  temperature  range 
from  42-35*C.  Cooling  rate  and  growth  conditions  are  quite  similar 
to  those  used  In  purv  Tt:si ,2. 

At  high  II  jPi i^/lIvSity,  ration,  the  growth  slows  marketllv,  hut  lor 
ratios  up  to  unity  large  optically  clear  crystals  are  read  1 1 v 
obtained.  Reprodurlbll tty  Is  excellent  ami  a  typical  crvstal  is 
sliown  in  Figure  1(a).  It  will  be  noted  that  the  shape  Is  different 
from  time  of  normal  T08,  the  (0111)  face  t»  very  well  riuvoloped  and 
so  cutting  normul  to  tlte  ferroelectric  b  axis  can  be  «*eo noml cal  I  v 
accomplished.  Figure  1(b).  . 

Atomic  absorption  analysis 

■  shows  that  the  lljI’U^  Incorporated 

,  into  the  crystal  Is  much  below 

9.  the  mole  fraction  in  the  solution, 

“‘p  §T  but  even  at  these  low  levels 

'.j  w  m*  1  there  are  significant  changes  In 

~f”  t,  "*  ||0q)_  lattice  paiamoters  from  pure  TOS. 

’  ^  '  Table  1  summarlxes  «lata  from 

T  three  renrent  rat  Ions.  Ir  can  be 

seen  that  the  latt  lee  parameter 
ill  e  ami  monoellale  ancle  f.  (m  reasn 

*'  with  phoMplierons  eontent  v.**!  I«* 

.■  the  h  spacing  decreases.  Iilqh 

Figure  l.  The  growth  shape  oi  .  .  .  . 

_  .  pln«spiM»r«>iiM  •  om  cut  rat  Ion .  1 1»* 

AroSP  crvstal.  .  .  ,  , 

structure  ••h.-ui«*cs  from  mom*''  I  in  le 

lla-J  Mill  I  erroelect  r  ic  behavior 
Is  lost. 


.V.  *vi 
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Table  1.  The  lattice  parameters  of  ATCSl*  with  different  I' 
content. 
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Dielectric  and  Pyroelectric  Properties 

Kara l lei  p lute  samples  of  AWSP  for  dielectric  studies  were 
cue  with  Major  surfucu*  normal  to  the  ferroelectric  b  axle  and 
polished  to  thicknesses  in  the  rungu  of  0. 5  to  1  mm.  Sputtered 
gold  electrodes  S  an  In  dluawter  were  applied  using  special  cure 
to  protect  the  sampiu  from  overheat  lag  during  sputtering. 

The  dielectric  properties  were  Measured  by  a  computerized  auto¬ 
matic  measuring  system  with  Hewlett  Packard's  new  generation  of 
Microprocessor  based  equipment.  The  temperature  dupendencu  of 
dielectric  constant  and  loss  tangent  were  Measured  with  a  multi- 
frequency  I.CIl  Meter,  IIP  4274A  and  IIP  4275A  with  basic  accuracy  of 
0. 1".  The  temperature  dependence  of  the  jyrml ec trie  coefficient  and 
spontaneous  polarization  were  measured  with  Che  IIP  4140B  plcoampetu 
meter.  A  IIP  9U25A  desktop  computer  was  used  for  on-line  control  of 
uutomutii:  measurement  through  a  IIP  A904II  mul  tl-prograosner  interface. 
Special  softwares  were  developed  for  automatic  measurement.  Linear 
temperature  change  with  specified  rates  was  uasilv  achieved.  The 
reproducibility  of  measurumeuts  was  excellent. 

Hie  diu.luctrlc  and  pyruulectric  behavior  of  ATCSP  with  low 
phosphorous  content  (sample  1) show  no  significant  improvement  on 
T(!S;  wli lie  the  crystal  wltii  high  phosphorus  content  (sample  1) 
exhibits  very  low  ferroelectric  Ity,  hence  onlyaury  low  pvroe  Lee  trie 
coefficient  is  achieved.  .July  the  crystal  with  appropriate  phosphorus 
content  (sample  2)  exhibits  excel  lent  dielectric  and  pyroelectric 
oropel'tles.  liost  of  our  measurement  has  been  done  on  this  crystal. 

figure  2  in  the  tempera l ore  dependence  af  dielectric  constant 
li-t'Z  'ad  Ions  l.uiguiit  of  the  ATUSP  crvstt.A  The  Curie-  temperature  of 
A'llISP  is  '»l  ■’C.  Because  oi  the  chemical  hi. is  eflccl  of  the  alanine 
group,  no  significant  depot. ir  izal  ion  can  lie  observed.  Thu  dielec¬ 
tric  constant  at  room  lumpuruluru  Is  about  JO,  which  Is  lower  than 
that  of  well  polarized  l(.\S  crystals.  file  frequency  dependence  of 
dielectric  constant  at  room  temperature  in  the  wide  frequency  range 


-«  -  ■ 


%.  1  K. 
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Figure  2.  The  temperature  dependence  of  dlelac.tr  l<-  constant 
K^2  (a)  and  lone  tangent  (b)  of  ATCSP  cr.VMtnl. 


of'  10^-10  In  negligible.  TIm!  lues  tangent  of  the  ATCSP  crystal  nc 
room  Cuapuracuru  le  lower  Chun  1*111"’  In  eliv  name  Crc'iuciiey  range, 
which  i«  coapnriible  wieli  tin*  bunt  TCS  crystals. 

Ttie  pyroelectric  roNponae  rf  tie  ATCSVrynial  1m  Improved  xlgnl** 
i  leant ly  by  die  port  In  l  suhxt  Ituclon  ul'  plmMphnte  Tor  Militate 
group  In  i'CS.  Figure  1  and  Flguru  A  are  tin*  temperature  depend*.* ncu 
ol'  spontaneous  polar Izntluii  and  pyroelectric  cocfl  Iclent  of  ATCSP 
f  rye  Cal.  Cecuuse  of  die  chemical  bias  vfrof  t,  the  ATCSP  crystal  lit 
permanently  poled  baluw  die  Curie  temperature.  Therefore,  no  pre- 
poling  la  needed.  Ac  room  tempera tare,  die  Mpoiitaneoim  polarlxnc Ion 
of  ATCSP  la  about  5* 10"2  C/n“,  which  la  higher  than  2.H*Hi"2  c/»2 
of  7CS.  Tlia  py  roe  lev  c  r  1c  “cnafftc  lent  of  ATCSP  at  room  tomperaturo 
la  about  b-7*10“4  C/K*!l^,  wlilcli  la  more  than  twice  that  of  TCS's 
(2-1. 5*  Hr*  C/U*ll2). 


tcMPtoca  ei 


Figure  3.  The  temperature  depend* 
cnee  of  Mpontaneoiei 
polar  I  rat  loti  of  ATCSP 
cry* Cal. 


TtMRiuca  ei 

Figure  ’i.  Tin*  temporal  on* 

Jvpvudrm'i'  p\  tv* 
elft-irlf  •■•'ol  I  lv  lout 
mI  ATCSP. 
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(it  view  ot  the  rather  low  ai'tual  incorporat ton  of  the  phosphate 
group  la  tliu  TCS  structure,  the  very  major  change  la  l’a  and  pyro- 
electric  >:oel  llcleitt  la  c;itllu  surpr  (sing.  Most  Modifications  to  TCS 
result  in  a  large  value  cf  Rieirystallograpliic  b  parameter,  and  a  lower 
luff  of  Pg.  It  «ay  be  noted,  however,  that  in  the  f laohery Date  TGKB 
which  has  both  higher  Tc  and  larger  Pa  than  TCS,  again  the  b  param¬ 
eter  Is  smaller. 

With  such  significant  improvement  in  pyroelectric  parameters,  an 
obvious  next  step  is  to  explore  deuteration  of  the  ATGSP  and  tills 
work  is  now  in  progress. 

A  comparison  of  ATGSP  and  TCS  crystal*  Is  given  in  Table  2. 


Table  2.  Diulcctri.  and  pyroelectric  properties  of  doped  T*!S 
crystals  at  room  temperature. 
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Abstract  Quantum  ferroelectrics  are  characterized  by  a  tem¬ 
perature-independent  dielectric  constant  at  low  temperatures 
(je/3T»0),  yet  in  this  temperature  range  the  Clausius-Mnssoctl 
relation  requires  that  the  dielectric  constant  have  a  non-zero 
pressure  dependence  (De/ilpih)).  Consequently,  a  quantum  ferro¬ 
electric  can  be  used  as  a  cryogenic  pressure  sensor  which  is 
independent  of  temperature  and  intense  magnetic  fields  and 
would  be  useful  as  a  solid-state  device  for  sensing  over¬ 
pressures  in  superconducting  magnets.  Research  in  the  ceramic 
system  (Cdi-xPbx)z  (Nbi-yTay)2  O7  lias  revealed  a  compositional 
range  where  quantum  effects  dominate  below  15K  (i.e.,  3e/3T*0). 
A  sensor  made  from  these  ceramics  will  have  e"x«p  up  to  30 
kbar,  and  such  sensors  can  be  made  in  the  form  of  small  (e.g., 
2x2x3  am)  multilayer  capacitors.  Such  devices  are  anticipated 
to  have  pressure  sensitivities  AC/4p»450  pF/kbar  at  4.2K. 


The  purpose  of  this  paper  is  to  present  Che  results  of  work  being 
done  Co  develop  a  solid-state,  ceramic  pressure  sensor  useful  at 
liquid  helium  temperatures  and  at  pressures  up  to  at  least  30 
kbars.^1)  The  devices  would  be  made  from  a  quantum  ferroelectric 
compound  and  would  have  almost  no  temperature  dependence  over  the 
2-10  K  range.  This  paper  is  divided  into  three  parts:  (1)  The 
background  of  che  concept;  (2)  Experimental  results;  and  (3)  A 
device  model  based  on  these  results. 

A  quantum  ferroelectric  is  distinguished  from  a  "classical" 
ferroelectric  in  that  quantum  fluctuations  (i.e.,  zero-point  mo¬ 
tion)  suppress  the  transition  to  a  polarized  state.  The  result  is 
a  plateau  in  che  dielectric  constant  over  some  finite  temperature 
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rang*  as  T-*0.  Recant  studies  have  concentrated  on  crystals  of 
KTaOj  and  SrTIOj  and  associated  solid  solutions  which  exhibit  thle 
quantum  ferroelectric  behavior. The  traneltlon  temperature  In 
these  systems  can  be  changed  by  substitution  of  small  amounts  of 
different  ions  In  the  compound,  e.g.  Mb  for  Ta  In  KTaOj. 

The  pressure  dependence  of  the  dielectric  constant  Is  un¬ 
changed  and  nay  be  related  to  the  compressibility  of  the  material 
through  the  Clausius-Mossottl  formula  as  given  hy  Bosman  and 
Havlnga.<*) 

(|J)T  -  (1/3)  (e-1)  (e+2>8  (|gj-l)  <1> 

where  8  is  the  compressibility  and  n  Is  the  polarizability  of  a 
small  macroscopic  sphere  of  volume  V.  For  c»l 

<£>t  •  <2> 

where  M-l/3  8  .  Equation  (2)  is  equivalent  to: 

<*^>1  •  -  "  <» 

and  Equation  (3)  has  been  verified  experimentally  for  KTaOj  by 
Abel.(?) 

Neither  the  KTaOj  system  nor  the  SrTIOj  system  would  be  suit¬ 
able  for  pressure  sensors.  Ceramics  In  the  KTaOt  system  have  un¬ 
controllable  losses  of  K2O  during  formation  and  single  crystals  are 
expensive.  SrTIOj  ceramics  have  two  disadvantages:  (t)  The  re¬ 
fractory  ceramlng  temperatures  (•'•1500*0  lead  to  we' 1 -documented 
irreproduclbilities  and  loss  of  dopant/suhstitutional  ions;  and, 
more  seriously,  (2)  The  quantum  regime  appears  limited  to  <.  4  K 
with  little  hope  of  raising  this  boundary. 

The  recent  work  on  the  KTaOj  svstera  showed  that  a  ferroelec¬ 
tric  transition  could  be  induced  in  a  known  quantum  ferroelectric 
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by  substituting  Nb  Ions  on  the  Ta  site.  By  analogy  it  night  be 
possible  to  make  substitutions  into  a  known  ferroelectric  and 
induce  quantum  ferroelectric  behavior.  The  dielectric  constant  of 
Cd2Nb207  pyrochlore  system  with  Pb  substitutions  on  the  A  site  and 
Ta  substitutions  on  the  B  site  has  been  investigated  by  Jona,  et 
al.(*)  They  found  a  suppression  of  Tc  from  185  K  to  SO  K  when  the 
Pb  or  Ta  substitutions  were  varied  from  0  to  20  mole  X.  Our  work 
has  Investigated  this  system  by  making  both  Pb  substitutions  on 
the  A  site  and  Ta  substitutions  on  the  B  site.  The  system  has  the 
general  formula  (Cdi.xPbx)2(Nbi-yTay)207. 


FICUKE  I  Dielectric  constant  versus  temperature  for 
(Cd. K#Pb .2 n) 2  (Nb.2nTa,*o)2  07. 

Our  work  has  been  successful  in  moving  the  system  into  the 
quantum  regime.  Figure  I  shows  the  dielectric  constant  as  a  func¬ 
tion  of  temperature  for  a  typical  cumpound  in  the  quantum  regime. 


Dielectric  Constant 
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x*0.20,  y^O.SO.  Figure  2  shows  data  for  a  smaller  temperature 
range  of  the  best  compound  found  so  far,  x*0.60,  y**0 . 50 . 


T(K) 

FIGURE  2  Dielectric  constant  versus  temperature  for 

(Cd.HoFb.ta) 2 (Nb. soTa. $g) 2O7 • 

In  general,  making  either  Pb  or  Ta  substitutions  lowers  the 
transition  temperature  until  a  limit  of  about  7-8  K  is  reached. 

All  the  compounds  have  shown  a  slight  peak  even  when  Tc  is  low 
(cf.  Fig.  2),  but  the  peak  never  is  below  7-8  K  even  when  the  com¬ 
pound  is  clearly  in  the  quantum  regime.  This  behavior  also  holds 
for  single-crystal,  quantum  ferroelectric,  KTaO*  which  has  a 
slight  peak  around  3  K.(’)  For  the  Cd->Mb;>07  system  the  maximum 
dielectric  constant  (l.e.,  at  Tc)  Is  lowered  as  x  and  y  increase, 
but  e  remains  high  enough  (■■’<200  for  x«0.60,  y»<).3(>)  for  a  pressure 
sensor  to  have  a  largo  pressure  sunsi t ivity  (cf.  Eq.  2). 

The  selection  criteria  for  the  best  material  for  a  pressure 
sensor  nor  only  take  into  account  the  flatness  over  as  large  a 

1 

temperature  range  as  possible,  but  also  Include  keeping  the  diel¬ 
ectric  constant  as  large  as  possible  and  keeping  the  Ta  content  as 
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low  as  possible.  The  dielectric  constant  should  be  high  in  order 
to  Maximize  the  pressure  sensitivity  (cf.  Eq.  2).  and  keeping  the 
Ta  concentration  low  keeps  the  ceramic  sintering  temperature  low. 
Of  the  combinations  analyzed,  the  compound  with  x«0.60,  y“0. 50  was 
the  best  choice  given  the  above  criteria. 

With  the  measurements  on  this  material  as  shown  in  Fig.  2,  it 
Is  possible  to  describe  the  characteristics  of  a  real  device.  For 
a  2x2x5  mm  device  size  it  would  be  possible  to  manufacture  a 
multilayer  device  of  66  layers,  each  with  a  dielectric  thickness 
of  .002921  cm  and  an  overlap  area  of  electrodes  of  .0570  cm.  The 
capacitance  of  the  device  at  4.2  K  would  be  22.77  nF. 

The  pressure  sensitivity  depends  on  the  value  of  M  in  Eq.  2. 
This  parameter  has  yet  to  be  determined  for  our  system.  However, 
it  has  been  determined  for  other  ferroelectrics  over  a  range  of 
temperatures^7)  and  for  Cd2Nbj07  at  room  temperature. (*)  M  does 
not  vary  greatly  and  a  reasonable  assumption  would  be  M  -  - 1 0” ^ 
(kbur)-1  for  our  material.  Then  for  our  model  device  at  4.2  K 

(3C/nP)x  -  450  pF/kbar 

On  a  six  place  General  Radio  capacitance  bridge  the  smallest  de¬ 
tectable  capacitance  change  would  be  0.1  pF  or,  equivalently,  0.22 
bars.  If  the  temperature  is  between  4  and  9  K,  but  otherwise  un¬ 
known,  then  the  uncertainty  in  capacitance  would  be  2.8  pF  due  to 
the  slight  temperature  variation  of  e  in  this  temperature  range, 
and  the  corresponding  uncertainty  in  pressure  would  be  6.2  bars. 
Around  4  K  the  temperature  sensitivity  of  the  capacitance  is  0.7 
pF/K.  A  typical  temperature  uncertainty  for  a  system  at  liquid 
helium  temperatures  might  be  .050  K.  This  uncertainty  would  be 
equivalent  to  a  pressure  uncertainty  of  .077  bars,  i.e.,  less  than 
tlie  maximum  readablu  sensitivity  of  a  six-place  bridge. 

There  are  a  number  of  tests  to  be  run  before  a  practical  de¬ 
vice  is  available.  Actual  multilayer  devices  are  presently  being 
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fabricated  and  these  will  need  to  be  tested  for  stability  within 
a  single  cool-down  and  for  reproducibility  from  cool-down  to  cool¬ 
down.  The  magnetic  field  dependence  will  be  determined  at  the 
National  Magnet  Laboratory  at  MIT  and  measurements  of  the  constant 
M  in  Eq.  2  will  be  made  at  Sand in  National  Laboratories. 
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25.  (U)  Degradation  rates  of  BaTi03-b«z«d  ceramic  dieleotries  have  been 
measured  at  stresses  of  4  Kv/cm  at  100*C  and  1  Zv/cm  at  200*C  as  a  function  of 
composition  and  aicrostrnctnre.  The  results  are  consistent  with  previous 
suggestions  that  degradation  is  caused  primarily  by  the  migration  of  oxygen 
vacancies.  BaO-rich  and  highly  donor-doped  samples  both  show  particular 
resistance  to  degradation,  with  excess  BaO  having  a  capability  for 
counteracting  the  usual  deleterious  defects  of  acceptor  impuritiee.  These  two 
compositional  types  are  related  through  the  mode  of  compensation  for  donor 
impurities,  and  similarities  in  their  mierostrueture  have  been  observed. 
Grain  size  variations  from  1-10  microns  had  no  effect  on  the  degradation  rate 
of  un doped  BaTi03  with  Ba/Ti  -  1.000.  Ca-doped  BaTi03  bas  been  studied  due  to 
reports  of  a  commercial  dielectric  capable  of  being  eofired  with  nickel 
electrodes  and  which  shoved  excellent  stability.  It  has  been  shown  that  Ca 
acts  as  an  acceptor-dopant  when  Ba+Ca/Ti  greater  than  1,  i.e.  when  there  is  an 
excess  of  alkaline  earth  cations,  spparently  by  partisl  occupation  of  Ti-sites 
in  the  structure.  This  has  been  confirmed  by  comparison  of  the  intensitiee  of 
characteristic  x-rays  as  a  function  of  electron  beam  orientation  in  individual 
grains  (a  technique  known  as  ALCHBMI).  These  Ca-doped  materials  shoved  very 
poor  degradation  resistance,  however. 

TR  Degradation  Mechanisms  in  Ceramic  Dielectrics,  D.M.  Smyth  and  M.P.  Rarmer, 
August  1,  1983 
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25.  (D)  A  series  of  sereeaing  teats  on  approximately  seventy  dispersants  led 
to  only  three  which  shoved  excellent  dispersion  effectiveness.  These  were 
Emphos  21-A,  a  phosphate  ester  (Vhitco  Cheaical  Co.)  Menhaden  fish  oil 
(Kellog),  a  fatty  acid  and  sonyl  A  (DuPont)  an  ethoxylate.  Further  studies  on 
the  phosphate  ester  indicated  that  0.8%  addition  was  optiaua  and  that  settling 
factors  as  high  as  70%  could  he  achieved.  It  was  proposed  that  the  excellent 
dispersion  effectiveness  of  the  phosphate  ester  was  related  to  the  ionisation 
of  the  ester  which  imparted  a  larger  positive  charge  to  the  surface  and  helped 
anchor  the  long  chained  molecules  to  the  surface  as  veil  as  helped  achieve 
double  layer  repulsion. 

TR  Def looculants  for  Tape  Casting  Barium  Titanate  Dielectrics,  T.  Roger 
Cannon,  July,  1983. 
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25.  (U)  The  diepereioa  of  a  slurry  by  altreaoaie  agitation  vea  compared  to 
that  of  ball  Billing.  It  vea  found  that  the  ultraeoaieally  diapersed  slurry 
settled  slower  and  to  a  denser  ooapaet.  Farther  is  has  a  lower  viscosity  and 
was  leas  aggloaerated.  Mixtures  of  two  different  partial e-aixe  distribution 

BaTiOj  powders  were  aade.  The  aixtures  were  incorporated  into  a  tape  caating 
slurry  and  the  slurry  viaoosity,  green  tape  density  and  green  tape  strength 
were  evaluated.  Broadening  the  particle-size  distribution  of  a  fine,  narrowly 
diatributed  powder  reeulted  in  lower  slurry  viscosities  end  higher  green  tape 
densities.  The  broadened  distribution  also  resulted  in  a  green  tape  with  e 
lover  tensile  yield  stress  and  greater  deforaation  before  failure.  A  deep 
level  spectroscopy  (DLTS)  systea  has  been  designed  and  asseabled.  Calibration 
fo  the  coaponents  of  the  systea  sad  preliaiaary. 

TK  Iaproved  Particle  Sixe  Distribution  for  Tape  Casting  BaTiOj  usd  a  DLTS 
Study  of  Grain  Boundaries  in  BaTiOg,  by  John  B.  Blua,  June.  1983. 
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25.  (U)  A  coapnter  interfaced  current-voltage  systea  was  developed.  The 
systea  allows  for  the  sianltaneons  aeasnreaent  of  current-voltage 
characteristic*  on  ninety  different  specinens  under  ten  different  conditions. 
An  apparatus  to  aeasure  theraally  stiaulated  currents  for  capacitor  dielectric 
aaterials  was  also  developed.  Initial  aeasureaents  of  theraally  stiaulated 
currents  on  a  variety  of  dielectric  coapositions  (X7R.  Z5U,  NPO)  were  carried 
ont.  The  interpretation  of  the  aeasureaents  reaains  to  be  done. 

T.R..  H.  Anderson.  'Current  Status  of  Dieleotrie  Studies.'  August.  1983 
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23.  (U)  Tie  objective  of  tbis  work  ia  to  inveatigate  the  feasibility  of 
fabrieatiag  dense,  optically  transparent  eeraaie  compounds  by  liquid  phase 
sintering. 

24*  (U)  Several  compounds  have  been  identified  in  other  research  programs  as 
having  potential  for  optical  (IE)  window  applications.  Among  these  are  Zr02» 
3AI2O3,  2Si02  and  complex  germane tea.  Fabrication  paths  using  reactive  liquid 
phase  sintering  of  these  refractory  ceramio  compounds  will  be  explored.  This 
would  entail  seleetion  and/or  development  of  suitable  liquid  phase  additives 
for  the  different  compounds  and  optimisation  of  proeess  variables  to  achieve 
maximum  densif ication.  Sintering  kinetics,  proeess  characterisation, 
microstructure  and  properties  are  also  a  focus  of  this  study. 
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2S.  (U)  The  voltage  and  temperature  dependence  of  leakage  currents  vers 
measured  on  new  and  degraded  X7R  and  ZSD  dielectric  materials.  Ohmic, 
Schottky  and  space  ehange  limited  currents  vers  observed.  Above  1  volt  space 
charge  limited  currents  vers  the  dominant  type  of  current  for  degraded 
materials.  Activation  energies  were  typically  1  eV  for  pristine  materials  and 
zero  for  degraded  materials.  The  electrical  measurements  data  were  modelled 
in  terms  of  grain  boundary  or  trap  aotivation  energies.  New  and  degraded 
capacitors  were  cross  sectioned  (both  by  fracture  and  polishing)  and 
characterized  by  SEX/EDAZ  methods.  No  lead  penetration  into  the  ceramic  body 
was  observed. 

L.B.  'Conductivity  in  Diclcetrios, '  L.  Burton,  September,  1983. 
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23.  (0)  Missile  gaidanee  systeas  require  oae  haadred  percent  reliable 
operation  of  their  eleetroaio  coaponeats.  The  objective  of  this  research  ia 
to  explore  new  aethoda  for  fabricating  high  quality  aaltilayer  ceraaio 
dieleotrioa. 

24.  (0)  The  approach  will  involve  the  exploration  of  aetallo-orgaaio 
precaraora  aa  a  aeaaa  of  engineering  the  aoleealar  and  aicroatractaral 
charaeteriatica  of  the  dielectrio  aaterial.  Reaearoh  on  organic  precaraora 
and  solvents  will  he  carried  oat.  The  effeeta  of  theraal  treataeats  on  the 
reaaltant  cheats try.  aicroatractare*  and  stractare  will  be  defined.  The 
repaired  ink  cheaiatry  and  processing  condition  to  prodace  high  qaality. 
aaifora.  eontinaoas  filaa  will  be  deterained. 
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25.  (U)  All  samples  for  the  first  phase  of  the  work  have  been  received.  These 
included  approximately  300  special  BaTiOg  multilayer  ceramic  plates  which  will 
he  used  for  determining  the  effects  of  chemical  and  electrical  environments  on 
slow  crack  growth  as  a  function  of  orientation.  Remnanta  of  these  specimens 
•fter  test  will  be  need  for  stress  reaction  measurements.  In  addition,  200 
BaTiOg  multilayer  capacitors  were  received  which  will  be  used  for  static 
fatigue  measurements.  The  testing  equipment  has  been  fabricated,  installed 
and  calibrated.  Full  scale  testing  will  be  started  as  soon  as  a  new  strip 
chart  recorder  has  been  received. 

TB  Progress  Report  on  Multilayer  Cracking  by  Kelly  D.  McHenry,  August  15, 
1983. 


